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ABSTRACT 
 
Biomass is a renewable resource that can potentially be used to produce biofuels via the 
pyrolysis process. Oil palm solid wastes are a rich biomass resource in Malaysia, and it 
is therefore very important that they be utilized for more beneficial purposes, 
particularly in the context of the development of biofuels. In this study, the oil palm 
solid wastes from the plantation and mill activities were characterized and then 
pyrolyzed to produce oil and byproducts (char and gas). The effects of lignocellulosic as 
well as the contents from the proximate and ultimate analyses in producing the oil and 
byproducts during the pyrolysis process were studied. The palm shell was then selected 
as a model of lignocellulosic biomass for further use as feedstock in the co-pyrolysis 
process. In co-pyrolysis, there have been several investigations performed such as the 
study of synergistic effects of the use of palm shell with plastic and palm shell with 
scrap tyre, the optimization study on the co-pyrolysis parameters via response surface 
methodology, and the study on the effect of stepwise co-pyrolysis temperature in 
optimizing the recovery of fuels. The results showed that the use of co-pyrolysis 
technique can improve the characteristics of pyrolysis oil, e.g., increase the oil yield, 
reduce the oxygen content, reduce the water content, and increase the calorific value of 
oil. Moreover, this technique also benefits to the increase in the quality of byproducts. 
However, similar with the pyrolysis of palm shell alone, the oil yield from co-pyrolysis 
also contains the aqueous phase. The result of this study showed that the recovery of 
liquid fuel from the aqueous phase was successfully performed using a catalytic 
conversion.  
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ABSTRAK 
 
Biojisim adalah sumber yang boleh diperbaharui yang berpotensi untuk digunakan 
dalam penghasilan bahan api bio melalui proses pirolisis. Sisa pepejal kelapa sawit 
adalah sumber biojisim yang kaya di Malaysia, dan ianya penting digunakan bagi 
tujuan yang lebih berfaedah, terutama dalam konteks pengembangan bahan api bio. 
Dalam kajian ini, sisa pepejal kelapa sawit daripada aktiviti perladangan dan kilang 
dikaji dan kemudian dipirolisis untuk menghasilkan minyak dan hasil sampingan 
(arang dan gas). Kesan lignoselulosik serta kandungan dari analisis proksimat dan 
ultimat terhadap hasil minyak dan produk sampingan semasa proses pirolisis juga 
dikaji. Tempurung kelapa sawit kemudian dipilih sebagai model biojisim lignoselulosik 
untuk digunakan sebagai bahan mentah dalam proses co-pirolisis. Dalam co-pirolisis, 
terdapat beberapa kajian yang dilakukan seperti kajian tentang sinergi keberkesanan 
penggunaan tempurung kelapa sawit dengan plastik dan tempurung kelapa sawit 
dengan sisa tayar, kajian pengoptimuman pada parameter co-pirolisis dengan kaedah 
response surface methodology, dan kajian tentang keberkesanan peningkatan suhu 
bertahap co-pirolisis dalam mengoptimumkan penghasilan semula bahan api. Hasil 
kajian menunjukkan bahawa penggunaan teknik co-pirolisis dapat meningkatkan hasil 
minyak, mengurangkan kandungan oksigen, mengurangkan kandungan air, dan 
meningkatkan nilai kalori minyak. Selain itu, teknik ini juga memberi manfaat kepada 
peningkatan kualiti hasil sampingan. Walau bagaimanapun, sama dengan pirolisis 
tempurung kelapa sawit sahaja, hasil minyak dari co-pirolisis juga mengandungi fasa 
akueus. Hasil kajian menunjukkan bahawa penghasilan semula bahan api cecair dari 
fasa akueus telah berjaya dilakukan dengan menggunakan proses penukaran melalui 
pemangkinan. 
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CHAPTER I 
INTRODUCTION 
 
1.1 Background 
Fossil fuels such as petroleum and natural gas are predicted be phased out after 2042, 
and only the coal reserves that will be available until at least 2112 (Shafiee & Topal, 
2009). This condition has made researchers try to put more attention to find solutions by 
utilizing alternative energy. One of the interesting options is the use of biomass as 
energy. Biomass is very abundant worldwide and can be easily found in diverse forms 
such as agricultural residues, wood residues, dedicated energy crops, and municipal 
solid waste (Easterly & Burnham, 1996). The use of biomass as an energy source also 
benefits the environment because it has been recognized as a carbon neutral energy 
source. 
 
The conversion of biomass into energy can be achieved in several ways, such as 
thermal, biological, and physical methods. In thermal conversion, pyrolysis is one of the 
most promising processes that can be used to convert biomass to various types of 
products such as liquid, char, and gas. This technique has been recognized as an 
environmentally friendly method because no wastes are produced during the process. 
The process has also received more attention because it can produce liquid yield of up 
to 75 wt% with conditions of moderate temperature (~500 °C) and short hot vapor 
residence time (Bridgwater, 2006). The liquid from the pyrolysis process has the 
potential to be applied as fuels or feedstock for many commodity chemicals. Moreover, 
the byproduct from this process also has other values in other industry sectors. The 
obtained char can be used in different industries, such as for the production of 
briquettes, adsorbents, carbon black pigment, and chemicals. The gas produced from the 
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pyrolysis of biomass has a significant calorific value; thus, it can be potentially used as 
gaseous fuels or to offset the total energy requirements of the pyrolysis plant.  
 
The research to produce liquid fuel via the pyrolysis of biomass has been performed 
since the last four decades. In 1972, the energy crisis has pushed researchers to put more 
attention to maximize the production of pyrolysis oil by minimizing the byproducts of 
char and gases (Antal and Grønli, 2003). One of the best use of pyrolysis was achieved 
in the 1980s (Vamvuka, 2011). This technique has successfully led to several 
improvements, such as the high yield of oil production. The technique has later been 
called fast pyrolysis. Although the issue of oil quantity has been addressed, the 
improvement in oil quality still requires further research.  
 
Currently, several research efforts are focused in finding the suitable technique to 
produce high-grade pyrolysis oil and to explore more new variations of biomass that can 
be used as feedstock in the pyrolysis process. The oil produced from the pyrolysis of 
biomass has a high level of oxygen content and can cause many problems, such as low 
calorific value, corrosion problems, and instability. The current research finding showed 
that the technologies to eliminate the oxygen content are still expensive and can cost 
more than the oil itself. Therefore, the sustainability of this research seems necessary to 
overcome this cost and to improve the quality of pyrolysis oil that is expected to 
compete with fossil-based liquid fuel. 
 
1.2 Problem statement 
As mentioned earlier, aside from finding the proper technique to produce high-grade 
pyrolysis oil, one of the important studies in this area is also to find new biomass for 
feedstock in the pyrolysis process. The investigation on this issue is necessary because 
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each country in the world has different sources of biomass that can be utilized for 
alternative energy. Malaysia is well known as the top largest producer of palm oil in the 
world and as consequence, the waste from this industry is also abundant. The residues 
from the oil palm industry are the main contributors to biomass waste in Malaysia, and 
these wastes require extra attention with respect to handling. A survey of the literature 
indicates that most of them are handled with unsatisfactory practices that negatively 
impact the environment. Therefore, it is very important that they be utilized for more 
beneficial purposes, particularly in the context of the development of biofuels via 
pyrolysis technology.  
 
Furthermore, as the main product, liquid from the pyrolysis of lignocellulosic biomass 
generally contains a high level of oxygen, which causes low energy content, instability, 
and corrosiveness. Many researchers have tried to eliminate the oxygen content in the 
oil via techniques such as catalytic cracking and hydrodeoxygenation. However, the 
improvement through those technologies can potentially increase the production cost 
because of the complicated equipment and need for additional catalysts, solvents, and 
hydrogen-donors. Thus, a new approach is necessary to overcome this cost.  
 
There is one technique that seems to be promising to produce high-grade pyrolysis oil 
from biomass and offers simplicity in design and operation. Moreover, it can be run 
without the presence of any catalysts or solvents and free of hydrogen pressure. This 
technique is called co-pyrolysis. Co-pyrolysis is a process that involves two or more 
different materials as a feedstock. The mechanisms of co-pyrolysis and normal pyrolysis 
are almost the same. The initial research found in the literature has shown that the 
quality and quantity of oil are improved when the co-pyrolysis technique is used. 
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Therefore, this technique needs to be studied in detail to obtain a clear framework of the 
process mechanism. 
 
In addition, phenomena on the presence of aqueous phase in the pyrolysis oil are also 
given attention in this research study. Oil from the pyrolysis of biomass typically 
consists of two different layers, which are in aqueous phase and organic phase. Many 
studies have been performed to upgrade the process to obtain liquid fuel from the 
organic phase of pyrolysis oil, but no literature was found on the direct utilization of the 
aqueous phase for liquid fuel production. The high water content might be the reason 
why this phase has not been investigated for further studies on liquid fuel production. 
However, several aromatic compounds still exist in the aqueous phase; therefore, it is 
important to perform research on this area to obtain an estimate of how much liquid fuel 
can be recovered from the aqueous phase. 
 
1.3 Objectives of the research 
This research attempted to obtain several scientific overviews from the use of oil palm 
solid wastes to produce pyrolysis oil, the use of co-pyrolysis technique with regard to 
improving the pyrolysis oil, and the production of liquid fuel from the aqueous phase. 
The specific objectives and approaches are as follows: 
1) To study the potential of oil palm solid wastes as feedstock for pyrolysis oil. 
All of the wastes that came from the oil palm industry were investigated to get an 
overview of their characteristic in producing the pyrolysis oil. The focus of this 
study is to understand the phenomenon that occurs during the pyrolysis process, 
which is specifically caused by the effects of lignocellulose in the oil palm solid 
wastes as well as the contents from the proximate and ultimate analyses.  
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2) To observe whether a beneficial interaction from the co-pyrolysis of biomass and 
plastic in terms of oil quality and quantity.  
This research attempted to demonstrate a simple method to produce a high-grade 
pyrolysis oil by maximizing the use of biomass wastes. In this study, the results of 
the pyrolysis of biomass alone are compared with those of the pyrolysis of 
biomass/plastic mixtures (1:1 weight ratios). Palm shell was selected as the 
representative of biomass and polystyrene was selected as the representative of 
plastic waste. The collected results were compared to determine whether there was 
improvement in the quantity and quality of the oil product. 
3) To optimize the operating conditions for liquid production from the co-pyrolysis of 
biomass and plastic via response surface methodology (RSM).  
This study focused to identify the parameter that has the largest influence on the 
liquid yield production. Three effective parameters were chosen: temperature, feed 
ratio, and reaction time. 
4) To optimize the fuel recovery from the stepwise co-pyrolysis of biomass and scrap 
tyre.  
Similar with plastic, scrap tyre also has important properties as fuel; therefore, the 
presence of scrap tyre in the pyrolysis of biomass is expected to contribute to the 
improvement in the quality and quantity of pyrolysis oil. The effect of stepwise co-
pyrolysis temperature and the different ratio between palm shell and scrap tyre in 
feed were studied. Several new findings were reported especially with regard to the 
production of organic and aqueous phases during co-pyrolysis, the energy density of 
the obtained chars, and the production of hydrogen and methane gases. 
5) To investigate how much liquid fuel can be recovered from the aqueous phase of 
pyrolysis oil. 
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This study was performed using catalytic conversion. The process was supported by 
two different HZSM-5 catalysts with temperatures set at 405 °C, 455 °C, 505 °C, 
and 555 °C.  
 
1.4 Workflow of the thesis 
Figure 1.1 shows the steps in performing the research that were described in this thesis. 
The first investigation of this research is to study the potential of oil palm solid wastes 
as feedstock for pyrolysis oil. The main aim is to propose the use of oil palm solid 
wastes to generate second-generation biofuels. In Malaysia, the volume and type of oil 
palm solid residues are expected to rapidly increase and will become a serious problem 
in the future. Therefore, the use of these wastes for fuels is expected to benefit the 
increase in the energy security in Malaysia, solve several environmental problems, and 
solve particular issues on waste management. In this study, the waste from the oil palm 
industry is divided into two groups, namely, from plantation activities and from mill 
activities. All of the residues were then pyrolyzed to produce liquid, char, and gas. The 
interest of this study was focused on the exploration of the lignocellulosic effect in 
producing biofuels during pyrolysis. After pyrolysis, the products, with an emphasis on 
the pyrolysis oil, were characterized using various approaches. 
 
The second work was aimed to investigate the improvement on the quality and quantity 
of pyrolysis oil obtained during co-pyrolysis. In this study, palm shell was selected as a 
model from lignocellulosic biomass, and polystyrene was selected as the representative 
of plastic waste. After several scientific results were obtained, the study then continued 
to determine the best parameter that can influence liquid production (objective 3). In 
this regard, RSM was used to determine the optimum and experimental design matrix 
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according to the central composite design (CCD) method. The feedstock used in this 
experiment is also the same with that used in the second objective.  
 
 
Figure 1.1: Detailed workflow of the thesis  
 
Furthermore, the next study examines another material that has a similar characteristic 
to plastic, which can be used in co-pyrolysis. The result from our study indicated that 
the waste of scrap tyre meets the criteria. In this study, the co-pyrolysis of palm shell 
and scrap tyre was performed. The result from objective 3 indicates that the parameter 
with the most significant effect on pyrolytic liquid yield is the ratio; thus, this parameter 
was applied again in objective 4 to obtain more detailed information about the co-
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pyrolysis products, including the presence of organic and aqueous phases of liquid 
product, the characteristic of oil product, and the characteristic of byproducts. 
 
In addition, the result from the pyrolysis of biomass alone and the co-pyrolysis 
experiment confirmed that the oil obviously consists of organic and aqueous phases. 
The organic phase from the co-pyrolysis process has the potential to be used as a fuel 
because it has a high heating value, whereas the use of the aqueous phase for fuel is not 
possible because it contains a lot of water. However, the result of the analysis showed 
that some of hydrocarbon sources still exist in the aqueous phase. This issue brings the 
following question: how much liquid fuel can be recovered from the aqueous phase? 
Therefore, in this study, we performed recovery of liquid fuel from the aqueous phase 
via the catalytic conversion technique.   
 
1.5 Scope of the study 
This study focused on the utilization of biomass waste to fuels via pyrolysis technology. 
Therefore, all of the materials used in this study were collected from waste collection 
point. The waste used from oil palm industry included palm shell, empty fruit bunch, 
mesocarp fiber, trunk, frond, palm leaf, and palm leaf rib. Polystyrene and scrap tyre 
were chosen as co-feed for the co-pyrolysis studies. The liquid was considered as the 
main product, whereas char and gas were referred as byproducts. Most of analyses were 
focused on the liquid product. The use of coals, catalysts, solvents, and any additional 
pressure in the co-pyrolysis process was beyond the scope of this study. 
 
For the first objective, all of the parameters such as temperature, particle size, reaction 
time, and nitrogen (N2) flow rate were set constant. The discussion in this study was 
concentrated on the lignocellulosic effect as well as the contents from the proximate and 
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ultimate analyses of the sample in producing the oil, char, and gas. The same condition 
of the parameters was also applied in the second objective study. Subsequently, the 
optimization was performed using RSM with three effective parameters being studied: 
temperature, feed ratio, and reaction time. The oil at the optimum conditions was then 
used for further characterization. Furthermore, the recovery of the liquid fuel from the 
aqueous phase of the pyrolysis oil was carried out using HZSM-5/50 and HZSM-5/70 
catalysts. The effect of temperature on the liquid yield is also described in this study. 
All of experiments were performed using a fixed-bed reactor made of stainless steel.  
 
1.6 Importance of the proposed research 
a. The use of oil palm solid wastes for biofuels production in Malaysia via pyrolysis 
technology.  
b. To find a simple and effective technique to produce high-grade pyrolysis oil that can 
be potentially used for fuel. 
c. The use of this technique can significantly contribute to reduce the waste volume 
because more waste matter can be consumed as raw material for pyrolysis oil 
production.  
d. This research will contribute to the finding of an alternative energy to substitute the 
depleting fossil fuel and is greener and renewable. 
 
1.7 Outline of the thesis 
The format of this thesis follows the article style format as mentioned in the University 
of Malaya guidelines. All of the works that were described in this thesis have been 
published in several ISI journals. The overall outlines as well as the organizational 
pattern of this thesis are discussed in this section. The thesis comprises nine chapters, 
and each chapter is introduced as follows. 
10 
 
Chapter 1: This chapter explores the research background, problem statement, 
objective of the research, workflow of thesis, scope of the study, the importance of 
research proposed, and outline of the thesis.  
 
Chapter 2: This chapter presents a comprehensive literature review and the relevant 
discussions regarding the co-pyrolysis process from several points of view, including 
the process mechanism, feedstock, the exploration on co-pyrolysis studies, co-pyrolysis 
phenomena, characteristics of byproducts, and economic assessment. Additionally, 
several outlooks based on studies in the literature are also presented in this paper. The 
content of this chapter has been published in the Journal of Energy Conversion and 
Management (Abnisa, F; Wan Daud, W.M.A. Energy Conversion and Management, 
2014, 87: 71-85).  
 
Chapter 3: Characterization of bio-oil and bio-char from pyrolysis of palm oil wastes. 
This chapter describes the work for objective 1. The scope of this chapter is limited only 
to residues from oil palm mill activities. This work has been published in the Journal of 
Bioenergy Research (Abnisa, F; Arami-Niya, A. Wan Daud, W.M.A; Sahu, J.N. 
Bioenergy Research, 2013, 6: 830-840). 
 
Chapter 4: Utilization of oil palm tree residues to produce bio-oil and bio-char via 
pyrolysis. This chapter is addresses objective 1, where the described work refers to the 
pyrolysis of biomass waste from oil palm plantation activities. The publication of this 
work can be found in the Journal of Energy Conversion and Management (Abnisa, F; 
Arami-Niya,  A; Wan Daud, W.M.A; Sahu, J.N; Noor, I.M. Energy Conversion and 
Management, 2013, 76: 1073-1082). 
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Chapter 5: Pyrolysis of mixtures of palm shell and polystyrene: an optional method to 
produce a high-grade of pyrolysis oil. This chapter addresses objective 2. The work that 
is described in this chapter has been published in the Journal of Environmental Progress 
& Sustainable Energy (Abnisa, F; Arami-Niya, A; Wan Daud, W.M.A; Sahu, J.N. 
Environmental Progress & Sustainable Energy, 2014, 33: 1026-1033).  
 
Chapter 6: Co-pyrolysis of palm shell and polystyrene waste mixtures to synthesize 
liquid fuel: an optimization study. This chapter contains the optimization study that is 
mentioned in objective 3. This study has been published in the Journal of Fuel (Abnisa, 
F; Wan Daud, W.M.A; A. Ramalingam, S; Azemi, M.N.M; Sahu, J.N. Fuel, 2013, 
108:311-318). 
 
Chapter 7: Optimization of fuel recovery through the stepwise co-pyrolysis of palm 
shell and scrap tyre. This chapter covered the research for objective 4. The work has 
been published in the Journal of Energy Conversion and Management (Abnisa, F; Wan 
Daud, W.M.A. Energy Conversion and Management, 2015, 99:334-345).  
 
Chapter 8: Recovery of liquid fuel from the aqueous phase of pyrolysis oil using 
catalytic conversion. The work described in this chapter is related to objective 5. This 
work has also been published in the Journal of Energy & Fuels (Abnisa, F; Wan Daud, 
W.M.A; Arami-Niya, A; Ali, B.S; Sahu, J.N. Energy & Fuels, 2014, 28:3074-3085). 
 
Chapter 9: This chapter summarizes important results and main conclusions associated 
with the research objectives. In addition, several recommendations are also provided in 
this chapter. 
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CHAPTER II 
LITERATURE REVIEW 
 
2.1 Introduction 
The decrease of fossil fuel resources such as coal, petroleum, and natural gas has 
encouraged research to develop new approaches to find or invent renewable fuel. One 
article has predicted that the coal reserves will be available until at least 2112, and it 
will be the sole fossil fuel in the world after 2042 (Shafiee & Topal, 2009). Several 
efforts are currently underway to find alternative energy sources and develop 
technologies which have high efficiency and are environmentally-friendly. In this 
regard, most of the effort has been contributed by research into biomass energy. During 
the last three decades, more than half of the global research has been focused on 
biomass as renewable energy (56%), followed by solar energy (26%), wind power 
(11%), geothermal energy (5%), and hydropower (2%) (Manzano-Agugliaro et al., 
2013). The high percentage of research into biomass energy can be supported by the 
availability of biomass resources which are the world’s largest sustainable energy 
source and represent approximately 220 billion dry tons of annual primary production 
(Moreira, 2006). 
 
Beside the effect of decreasing of fossil fuels, environmental concerns also play an 
important role in the development of renewable energy. The risk and reality of 
environmental concerns have drastically increased globally and become more apparent 
during the past decade, particularly after Earth Summit ’92 (Agarwal, 2007).  Acid rain, 
ozone layer depletion, and global climate change are negative effects that have resulted 
from the increase in environmental problems which are due to the emissions of primary 
pollutants (sulfur dioxide, oxides of nitrogen, hydrocarbons, and carbon monoxide), and 
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are mainly produced by fossil fuel combustion (Kalogirou, 2004; Krupa et al., 2007). To 
minimize environmental concerns, it is necessary to consider controlling the pollutant 
emissions. The optimal use of renewable energy resources can be an optional solution 
since it significantly contributes to decreasing the negative environmental impacts, 
reducing the dependence on the use of fossil fuels, and is followed by an increase of net 
employment and the creation of export markets (Manzano-Agugliaro et al., 2013).  
 
There are numerous alternative energy sources available worldwide which can be used 
to substitute fossil fuels. It is particularly important to consider selection of the proper 
alternative energy through several factors such as the availability of the source, 
economic benefit, and environmental benefit. In this respect, biomass is one of the 
potential sources that can respond to all of the challenges of factors. Biomass is very 
abundant and can be easily found in diverse forms such as agriculture residues, wood 
residues, dedicated energy crops and municipal solid waste (Easterly & Burnham, 
1996). Bildirici (2013) studied economic growth and biomass energy in the 10 selected 
developing and emerging countries. The author concluded that biomass energy is a 
stimulus for economic growth and contributes to poverty reduction in developing 
countries because it meets the energy needs at all times and for all countries, without 
any expensive conversion devices. Furthermore, the use of biomass as an energy source 
has been proven to have environmental benefits since it has been determined as a 
carbon-neutral energy source (Ahtikoski et al., 2008). 
 
Biomass is widely accepted as a potential source of energy and is the only renewable 
energy source that can be converted into several types of fuels, including liquid, char, 
and gas, which also promise flexibility in production and marketing. Pyrolysis is 
generally chosen as a recommended process to achieve this goal. This process has 
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received more attention recently because it can produce the highest liquid yield of up to 
75 wt.% with conditions of moderate temperature (~500°C) and short hot vapor 
residence time (~1 s) (Bridgwater, 2006; Guillain et al., 2009). Nevertheless, the yield 
of other products also can be optimized by adjusting the parameters of operating 
conditions. The liquid from the pyrolysis process is known as pyrolysis oil or bio-oil, 
and has potential as use for fuels or feedstock for many commodity chemicals. In terms 
of fuels, Bridgwater et al. (1999) noted that without an upgrading process, the oil can be 
directly used in many applications including boilers, furnaces, diesel engines, and 
turbines for the generation of electricity. In addition, the greatest advantage of pyrolysis 
oil compared with fossil fuel is that the use of this oil has received positive comments as 
a more environmentally-friendly fuel because it contributes minimally to the emission 
of greenhouse gases (Vitolo et al., 1999). 
 
Despite the oil from pyrolysis being environmentally-friendly, the fuel characteristic of 
it remains lower than fossil fuel, especially with regard to combustion efficiency. In this 
case, the high composition of oxygenated compounds in pyrolysis oil is responsible for 
this problem. Several researchers have reported that oil from the pyrolysis of biomass 
generally contains an oxygen content of around 35-60 wt.%  (Bridgwater et al., 1999; 
Guillain et al., 2009; Oasmaa & Czernik, 1999; Parihar et al., 2007). It can be identified 
in the form of more than 200 different compounds in the oils, and is mostly found as 
water (Oasmaa & Czernik, 1999). However, the high level of oxygen in pyrolysis oil 
creates a low caloric value, corrosion problems and instability (Lu et al., 2009).  
 
Improvement in the quality of pyrolysis oil is important to assist and provide a solution 
for several challenges in its applications; therefore, efforts to eliminate the oxygen 
content are becoming a priority. Many studies have been undertaken to achieve this goal 
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through upgrading techniques. Among them, catalytic cracking and hydrodeoxygenation 
(HDO) are the most commonly used techniques. Catalytic cracking is a method that 
involves the addition of a catalyst to the pyrolysis process. This method can be divided 
into two options: off-line catalytic cracking (using bio-oil as raw material) and on-line 
catalytic cracking (using pyrolysis vapors as raw material) (Hew et al., 2010). Zhang et 
al. (2007) have determined that catalytic cracking is a cheaper method than HDO, but 
the results do not seem promising because of high coke production during the process 
(8–25 wt%) and the poor quality of the fuels obtained. Moreover, according to Scheirs 
(2006), there are also some problems associated with the use of a catalyst in the 
pyrolysis process: 
- The catalyst is a consumable and therefore adds to the running cost; 
- The catalyst can have a short life-cycle due to poisoning/deactivation; 
- The catalyst leads to increased levels of solid residue, which require disposal. 
 
Furthermore, HDO is an upgrading method that is suitable for converting low-grade 
pyrolysis oil into hydrocarbons (Toba et al., 2011). This process has received a lot of 
attention because of the significant increase in hydrocarbon fuel obtained (Joshi & 
Lawal, 2012). However, the method is complex and costly because of the complicated 
equipment, the need to add catalysts, and the high-pressure requirements for the 
reaction. Thus, a new approach is necessary to overcome this cost. 
 
 
2.2 Importance of the co-pyrolysis process 
Simplicity and effectiveness are especially important in developing a technique to 
produce the ideal synthetic liquid fuel. In this regard, the idea of co-pyrolysis of 
biomass can be an optional technique that shows promise by meeting these two criteria. 
Co-pyrolysis is a process which involves two or more different materials as a feedstock. 
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Many studies have shown that the co-pyrolysis of biomass has successfully improved 
the oil quantity and quality without any improvement in the system process. In contrast 
to catalytic cracking and HDO, co-pyrolysis has shown promise for future application in 
industry because of its attractive performance/cost ratios.  
 
The successful key of this technique mainly lies with the synergistic effect which comes 
from the reaction of different materials during the process. A previous study has shown 
that the yield of oil obtained from incorporating plastic was higher than that obtained 
with woody biomass alone and also had a higher caloric value, which comes from 
hydrocarbon polymers consisting of paraffins, isoparaffins, olefins, naphthenes and 
aromatics, and a non-condensable gas with a high calorie value (Panda et al., 2010). 
 
The idea of blending oil from biomass with oil from plastic (or waste tyre) seems 
impossible, and may increase operation costs. Oil from biomass cannot be completely 
mixed with oil from plastic or waste tyre because of the polar nature of pyrolysis oil of 
biomass. If these oils are mixed together, an unstable mixture forms, which breaks 
(phase separation) after a short period of time. If pyrolysis of biomass and plastic (or 
waste tyre) occurs independently or separately, more energy is required and the cost for 
oil production will significantly increase. The co-pyrolysis technique is found to be 
more reliable to produce homogenous pyrolysis oil than the blending oil method. The 
interaction of radicals during the co-pyrolysis reaction can promote the formation of a 
stable pyrolysis oil that avoids phase separation (Martínez et al., 2014). Önal et al. 
mentioned that several reaction radicals during co-pyrolysis can be formed as follows: 
initiation, formation of secondary radicals [depolymerization, formation of monomers, 
favorable and unfavorable hydrogen transfer reactions, intermolecular hydrogen transfer 
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(formation of paraffin and dienes), isomerization via vinyl groups], and termination by 
disproportionation or recombination of radicals (Önal et al., 2014). 
 
Furthermore, the main benefit of using co-pyrolysis method is the fact that the volume 
of waste can be reduced significantly as more waste is consumed as feedstock. It also 
has the added benefits of reducing the landfill needed, saving costs for waste treatment, 
and solving a number of environmental problems. Since the disposal of waste in 
landfills is undesirable (Garforth et al., 2004), this method could be proposed as an 
alternative waste management procedure for the future that will have a significant 
impact on waste reduction and may enhance energy security. In addition, from an 
economic point of view, co-pyrolysis has been found to be a promising option for a 
biomass conversion technique to produce pyrolysis oil. Kuppens et al. (2010) 
investigated the economic consequences of the synergetic effects of flash co-pyrolysis. 
They concluded that the use of co-pyrolysis techniques is more profitable than pyrolysis 
of biomass alone and that it also has potential for commercial development. 
 
2.3 Mechanism of the co-pyrolysis process 
The mechanisms of co-pyrolysis and normal pyrolysis are almost the same. Basically, 
the process is performed in a closed reactor system with moderate operating 
temperatures and in the absence of oxygen. For the purposes of oil production, there are 
three basic steps required for the co-pyrolysis process: preparation of samples, co-
pyrolysis, and condensation. Figure 2.1 illustrates the steps used in co-pyrolysis to 
produce oil. Prior to co-pyrolysis, the samples should be dried and ground. The drying 
process can be performed using the oven method (temperature at 105°C for 24 h). For 
industrial application, the heat demand for feedstock drying can be covered by internal 
heat sources through process integration. Researchers suggested that the byproducts 
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char or gas can be combusted to provide the necessary heat for endothermic pyrolysis 
and other intermediate processes, such as biomass drying (Venderbosch & Prins, 2010a; 
Veses et al., 2014). The main aim of the drying process is removing the moisture 
content of sample. High moisture content in feed results in the oil product having a high 
water content; therefore, Bridgwater (2012) suggested that the maximum moisture 
content in the dried feed material should be 10%. The dried samples also benefit from 
the grinding process, and small biomass particles with a size of less than 2-3 mm are 
needed to achieve high biomass heating rates (Bridgwater, 2012).  
 
 
Figure 2.1: Co-pyrolysis of biomass 
 
 
As can be seen from Figure 2.1, there is an optional feature in the co-pyrolysis process: 
inert gas. Inert gas is used to accelerate sweeping vapors from the hot zone (pyrolysis 
zone) to the cool zone (condenser). Short hot vapor residence times of less than 2 s are 
needed to minimize secondary reactions and maximize oil yield (Bridgwater, 2012). In 
application, nitrogen (N2) is an inert gas that is commonly used since it is found to be 
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cheap compared to others. Many studies have proven that the use of inert gases in the 
pyrolysis process has an effect on liquid yield (Abnisa et al., 2011; Acıkgoz et al., 2004; 
Demiral & Şensöz, 2006; Pütün et al., 2004). The proper setting of the inert gas flow 
rate is needed to attain maximum oil yield, while very high flow rates of inert gas 
actually decrease the total oil yield. However, the use of inert gas is dependent on the 
type of reactor used. The fluid bed reactor, circulating fluid bed reactor, and entrained 
flow reactor are the types which need a high flow rate of inert gas (Vamvuka, 2011). 
For vacuum and ablative reactors, the use of inert gas is not compulsory. For ablative 
reactors, according to Bridgwater & Peacocke (2000), nitrogen purging and the use of 
any inert gases is not required, but is included in the laboratory tests for control 
purposes, to ensure safety in the feeder and residence time control in the reactor. 
 
Furthermore, the pyrolysis process is also influenced by many parameters, including the 
type of biomass, temperature, heating rate, reaction time, and particle size of feed. 
Detailed discussions of the effect of parameters on optimum oil yield in the pyrolysis of 
biomass have been thoroughly reviewed by Akhtar and Amin (2012). For co-pyrolysis, 
as a general rule, temperature can be adjusted within the range of 400-600°C to 
maximize the production of oil. In this temperature range, more than 45 wt% oil can be 
produced. However, the optimum temperature required to produce the maximum oil 
yield is dependent on the characteristics of feedstock. Therefore, characterization with 
regard to thermogravimetric analysis should be performed to obtain an overview of the 
thermal behavior of material (Velghe et al., 2011).  
 
Condensation is an important step in the production of pyrolysis oil. Without this step, 
only the char and gas products can be obtained from the process. The vapors generated 
during the process pass through the condensation unit to change the physical state of 
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matter from the gas phase into the liquid phase. Vapor product residence time in the 
reactor can be controlled by the addition of inert gas. Bridgwater (1999) noted that 
pyrolysis vapors can be characterized as a combination of true vapors, micron-sized 
droplets and polar molecules bonded with water. Rapid cooling of the pyrolysis vapors 
is required to produce a high liquid yield. The lower vapor temperature (< 400°C) leads 
to secondary condensation reactions and the average molecular weight of the liquid 
product decreases. Thus, the temperature in pipelines from the pyrolysis unit to the 
condensation unit should be maintained at > 400°C to minimize liquid deposition; also, 
blockage of the equipment and piping system should be avoided (Bridgwater et al., 
1999).  
 
In contrast to normal pyrolysis, co-pyrolysis has a special parameter which is called the 
ratio of feedstock. According to researchers, this parameter is very important since it 
has a significant effect, leading to the production of extra oil. Sharypov et al. (2002) 
conducted a study into co-pyrolysis of wood biomass and a synthetic polymer mixture. 
Their study concluded that the most important parameter for liquid production is the 
biomass/plastic ratio in the feedstock. The same tendency was also found by Abnisa et 
al. (2013), who performed a study into co-pyrolysis of palm shell and polystyrene waste 
mixtures for the synthesis of liquid fuel. Their study included screening three effective 
parameters (temperature, feed ratio, and reaction time) and an optimization study using 
response surface methodology. Their results showed that the ratio of feed was the most 
significant variable affecting liquid yield production. 
 
The type of reactor used also has a large function in the co-pyrolysis process. 
Bridgwater et al. (1999) highlighted the critical features of successful pyrolysis reactors, 
which have been defined as very high heating rates, moderate temperatures, and short 
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vapor product residence times for liquids. Several comprehensive reviews have been 
published to explore the type of pyrolysis reactor for liquid production (Bridgwater, 
2012; Isahak et al., 2012; Vamvuka, 2011; Venderbosch & Prins, 2010a, 2010b). Each 
reactor has known advantages and disadvantages in operation and scaling. For fast 
pyrolysis, the fluidized bed reactor is recommended because of its relative ease of 
scalability and simple operation compared with other reactor types. Most studies on co-
pyrolysis were performed using a fixed-bed reactor (Abnisa et al., 2014; Cao et al., 
2009; Jeon et al., 2011; Liu et al., 2013; Önal et al., 2012, 2014). Fei et al. (2012) noted 
that the extent of contact between the used feedstock is an important factor to achieve 
the synergistic effect; therefore, the synergistic effect is more likely to occur when 
pyrolysis is carried out on a fixed-bed reactor than on a fluidized-bed reactor. However, 
a new research finding in 2014 stated that the auger reactor is more effective for co-
pyrolysis. Martinez et al. (2014) performed the co-pyrolysis of biomass and waste tyres 
using two different reactors, namely, the fixed-bed reactor and auger reactor. The results 
of their comparison study showed that the auger reactor produces more liquid yield than 
the fixed-bed reactor for the 90/10 of biomass/waste tyre blend. The experimental 
results from the auger reactor also revealed a remarkable upgrade for some liquid 
properties, such as lower total acid number, lower density, higher pH, higher calorific 
value, and lower oxygen content. 
 
2.4 Feedstock for the co-pyrolysis process 
A diversity of renewable energy resources can be found around the world, including 
biomass energy, wind energy, solar energy and geothermal energy. Among these, 
biomass is the only source of renewable energy that can produce fuels in the form of 
solid, liquid and gas, through assistance of the pyrolysis process. Although fuels from 
biomass, especially wood-based biomass, typically have a lower energy content than 
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fossil fuels, the use of co-pyrolysis technology is improving this condition. In this 
section, the discussion only focused on the selection and availability of feedstock which 
can potentially be used in the co-pyrolysis process.  
 
2.4.1 Selection of feedstock  
Some types of biomass have the potential for use in the co-pyrolysis process to improve 
the quality and quantity of pyrolysis oil. In this regard, the selection of biomass wastes 
is becoming an important issue requiring study. Currently, many kinds of biomass have 
been successfully used as feedstock in the co-pyrolysis process in research, which can 
be categorized into four groups: agricultural residues, wood residues, municipal solid 
wastes (MSW) and dedicated energy crops. The list of feedstock types is shown in 
Table 2.1. From the list it can be seen that most feedstocks are dominated by MSW. 
Therefore, it can be noted that co-pyrolysis plays an important role in MSW treatment 
management. Zaman (2010) studied the comparison of MSW treatment technologies 
using the life cycle assessment method. The author reported that although the sanitary 
landfill has a good impact on the environment, there are some major problems, such as 
photochemical oxidation, global warming and acidification, which are still not solved. 
However, pyrolysis is comparatively more favorable to the environment since it can 
address the global warming, acidification, eutrophication and eco-toxicity categories. 
Also, it has higher energy recovery efficiency compared to other thermal technologies. 
 
As can be seen from Table 2.1, the use of biomass as a material in co-pyrolysis studies 
varies widely. Among of the various sources, plastic is one of the biomass types that is 
commonly used in co-pyrolysis to produce pyrolysis oil. Plastics are largely synthetic 
materials, made from an extremely inexpensive, but nonrenewable resource, crude oil 
(see Figure 2.2) (Buekens & Schoeters, 1998). Because of its origin, plastic contains 
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hydrogen and carbon; thus, it can be pyrolyzed into hydrocarbon fuels. In plastics 
pyrolysis, the macromolecular structures of polymers are broken down into smaller 
molecules or oligomers and sometimes into monomeric units. Further degradation of 
these subsequent molecules depends on a number of different conditions including (and 
not limited to) temperature, residence time, and the presence of catalysts and other 
conditions (Panda et al., 2010). The liquid product from pyrolysis of plastic has a 
competitive calorific value compared to conventional fuels, which were around 40 
MJ/kg. Therefore, the presence of plastic in the pyrolysis of other biomass types can 
make a positive contribution to the heating value through synergy. 
 
 
Figure 2.2: Actual production flow-chart of plastics (Buekens & Schoeters, 1998) 
 
Another material with similar characteristics to plastics is tyres. Tyres are primarily 
made from rubber (60-65 wt%) and carbon black (25-35 wt%), with the rest consisting 
of accelerators and fillers, which are added during the manufacturing process. Many 
different synthetic and natural rubbers are used, e.g. styrene–butadiene rubber, natural 
rubber (polyisoprene), nitrile rubber, chloroprene rubber and polybutadiene rubber. 
Generally, synthetic rubber is made by the polymerization of a variety of petroleum-
based precursors called monomers, while natural rubber comes from the Hevea tree 
(Martínez et al., 2013). Pyrolysis of tyres can produce the oil, char and gas yields of 25-
75 wt%, 26-49 wt%, and 5-57 wt%, respectively, depend on parameter settings. 
According to Martínez et al. (2013), oil produced from the pyrolysis of tyres can reach 
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an energy content of up to 44 MJ/kg. Oil containing a very low level of oxygen has a 
high H/C atomic ratio (around 1.5), and consists of aliphatic and aromatic compounds. 
 
Table 2.1: Type of biomass used in co-pyrolysis process research to obtain liquid 
products 
 
 
 
Types of biomass Biomass  
Agricultural residues Pine cone (Brebu et al., 2010), corn residues (cobs and 
stover) (Aboyade et al., 2013), sugarcane bagasse (Garcı ̀a-
Pèrez et al., 2002), cattle manure (Sánchez et al., 2007), rice 
husk (Ye et al., 2008), corn stalk (Cordella et al., 2013), 
wheat straw, oat straw (Ateş, 2011) 
  
Wood residues Beech wood (Sharypov et al., 2002), pine wood (Sharypov 
et al., 2002), fir sawdust (Liu et al., 2013) 
  
Municipal solid wastes (include industrial 
wastes) 
Palm shell (Abnisa et al., 2013), potato skin (Önal et al., 
2012), waste electrical and electronic equipment (Liu et al., 
2013), polystyrene waste (Abnisa et al., 2013), sewage 
sludge (Samanya et al., 2012), wheat straw (Samanya et al., 
2012), legume straw (Wei et al., 2011), walnut shell (Kar, 
2011), scrap tyres (Pinto et al., 2013), recycled plastic (Pinto 
et al., 2013), hazelnut shell (Haykiri-Acma & Yaman, 
2010), LDPE waste (Sharma & Ghoshal, 2012), olive 
pomace (Kabakcı & Aydemir, 2013), polypropylene waste 
(Paradela et al., 2009), polyethylene waste (Miranda et al., 
2013), PVC waste (Zevenhoven et al., 2002), carpet 
disposal, residues of paper, residues of 
plastic/metal/drinking cartons sorting installation (Velghe et 
al., 2011), HDPE waste (Williams & Williams, 1997), 
apricot (Ohmukai et al., 2008), jatropha cake (Rotliwala & 
Parikh, 2011). 
  
Dedicated energy crops Rapeseed (Samanya et al., 2012), switchgrass (Weiland et 
al., 2012), sorghum (Cordella et al., 2013), willow 
(Cornelissen et al., 2008a) 
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Table 2.2: Estimation of the global plastic production in 2009 and 2010 
(PlasticsEurope, 2010: PlasticEurope 2011) 
Countries 
Yearly production (MT) 
2009 2010 
China 34.50 62.28 
Europe 55.20 56.98 
NAFTA 52.90 54.33 
Rest of Asia 37.95 39.75 
Middle East and Africa 18.40 17.23 
Latin America 9.20 13.25 
Japan 12.65 13.25 
CIS 6.90 7.95 
 
Table 2.3: Estimation of tyre production for several countries in 2006 and 2007 
(Crain Communications Inc, 2013; Malaysian Rubber Board, 2012) 
Countries 
Yearly production (in thousands of units) 
2006 2007 
China 274,230 336,700 
U.S 200,281 195,000 
Japan 175,916 176,207 
South Korea 81,508 85,853 
Germany 75,342 75,218 
France 59,000 61,300 
Brazil 42,216 not available 
Indonesia 41,300 44,300 
Russia 40,417 42,330 
India 32,880 33,695 
Canada 30,216 33,303 
Italy 32,017 31,140 
Poland 28,931 30,747 
Thailand 26,931 not available 
Turkey 23,905 25,795 
Romania 14,761 16,600 
Malaysia 11,560 13,420 
 
 
Petroleum is a valuable and finite natural resource. More than 70% of petroleum is used 
in the transportation sector (Ghosh & Prelas, 2009). When petroleum is used as a 
transport fuel, this means that petroleum is the end product; as consequence, the world 
may run out of petroleum. Nevertheless, some petroleum is still stored in other forms, 
such as plastics and tyres. Since plastics and tyres have the same important properties as 
fuel, these wastes require extra attention with respect to management. The wastes can be 
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used further to produce second-generation biofuels through pyrolysis. However, not all 
wastes need to be converted into fuel, because a proportion of them can be sent for 
recycling into new products. In this regard, the efficiency of the consumption of plastic 
or tyre wastes for liquid fuel production should be considered. In terms of 
improvements in the efficiency of consumption, the co-pyrolysis process can be used as 
an option. 
 
2.4.2 Availability of feedstock  
An important criterion for selecting the proper materials as alternative energy sources is 
its availability. In this context, biomass has been found to be sufficient for meeting this 
criterion. Biomass can be obtained from forestry residues, agricultural residues, agro-
industrial wastes, animal wastes, industrial wastes, sewage, municipal solid wastes, and 
food processing wastes; thus, as consequence, the total accumulation of biomass will 
always be high. Each country has different sources of biomass depending on a number 
of factors such as geographical conditions, population levels, economic development, 
agricultural development, forest development, industrial growth, food demand and 
lifestyle. This means that all of the countries in the world have the same opportunities 
with regard to the co-pyrolysis process for the production of liquid fuel from biomass. 
 
Furthermore, the availability of plastics as a feedstock is confirmed as being sufficient 
for the future sustainability of pyrolysis oil production. Plastics are globally available in 
an abundance. A report released by PlasticsEurope (Association of Plastics 
Manufactures) mentioned that the global plastics production has increased every year 
since 1950 (PlasticsEurope, 2011). The total global plastics production has grown from 
around 1.7 million tons (MT) in 1950 to 265 MT in 2010. An estimation of the global 
plastic production in 2009 and 2010 is shown in Table 2.2. However, the high 
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production of plastics has a linear relationship with increased end-of-life plastic. In 
2009, around 43.6% of total plastic production was considered waste in Europe and the 
amount was increased by around 3% in the next year. Thus, there is room for further use 
of this material in order to minimize the disposal of valuable plastics in landfills. 
 
Around 1.5 billion tyres are produced worldwide every year, which will eventually be 
categorized or interpreted as waste tyres (Williams, 2013). An overview of tyre 
production for several countries in 2006 and 2007 is shown in Table 2.3. Waste tyres 
are known to have a significant impact on increasing the urban waste stream and it will 
become a major threat to the environment. Approximately 64% of waste tyres are sent 
to landfill or illegally dumped or stockpiled, with only 13% of them being recycled 
(Quek & Balasubramanian, 2013). In landfills, waste tyres are not easily degraded, but 
tend to float to the top over time due to trapped gases, thus breaking landfill covers. The 
incineration of waste tyres requires the expensive control system of air emissions 
because this process produces toxic gases, which contain carcinogenic and mutagenic 
chemicals. Special treatment and attention are needed to tackle waste tyres, and 
pyrolysis has been found to be a technically feasible way to treat tyres and recover 
valuable products. 
 
Wastes of plastics and tyres are considered to be potential sources to use as a co-feed in 
co-pyrolysis to produce liquid fuel. As well as those materials having high energy 
content, the sources are particularly easy to find and available in huge amounts in all 
countries around the world. Pyrolysis of the blends of those materials with other 
biomass wastes will encourage the creation of innovative new concepts in waste 
management, energy security enhancement, and environmental concerns. Therefore, it 
is important to note that development of the co-pyrolysis process to produce liquid fuel 
may be applicable in most countries.  
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2.5 Exploration of co-pyrolysis studies  
The exploration of co-pyrolysis studies is necessary in order to generate ideas with 
regard to producing high-grade pyrolysis oil. For this reason, many efforts have been 
made by researchers to explore this technique, and have revealed many interesting 
findings. An overview of studies of the co-pyrolysis of biomass wastes with emphasis 
on pyrolysis oil production is described below.  
 
2.5.1 Use of plastics in co-pyrolysis 
Most co-pyrolysis studies have selected plastics as one of the co-feeds, with the aim of 
improving the oil yield in terms of quality and quantity. The summaries of studies on 
co-pyrolysis of biomass mixed with plastics to produce pyrolysis oil are shown in Table 
2.4. All of the experiments listed in Table 2.4 were performed without any catalysts, 
solvents or additional pressure. Abnisa et al. (2014) investigated the co-pyrolysis of 
palm shell and polystyrene (PS) to obtain a high-grade pyrolysis oil. Palm shell is well 
known as a waste generated from the palm oil mill industry, and is available in huge 
amounts in Malaysia; around 5.2 MT were produced in 2009. Furthermore, over 
280,000 Tons of waste PS is produced annually in Malaysia, most of which is 
contributed by food packagers. The experimental results showed that by adding the 
same weight ratio of PS in the pyrolysis of palm shell, the yield of oil increased to about 
61.63 wt%, while the pyrolysis of palm shell alone only yielded oil at a level of about 
46.13 wt%. The high yield of oil was obtained with a process temperature of 500°C, a 
heating rate of 10°C/min, a reaction time of 60 min, an N2 flow rate of 2 L/min. 
Moreover, the quality of oil was improved when PS was involved in the pyrolysis of 
palm shell. For the pyrolysis of palm shell alone, a high heating value (HHV) of oil 
product was obtained, of about 11.94 MJ/kg. However, pyrolysis of palm shell mixed 
with PS raised the HHV of oil up to 38.01 MJ/kg. Lastly, the authors concluded that the 
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use of palm shell and PS wastes for the recovery of liquid fuel by co-pyrolysis is the key 
to overcoming environmental problems stemming from the high volume of palm shell 
waste generated by the palm oil industry; also, it can be noted that this is an optional 
solution to increasing energy security in Malaysia. 
 
Table 2.4: Summaries of studies on co-pyrolysis of biomass mixed with plastics 
Ref. 
Type of materials 
T 
(°C) 
Liquid yield (wt%) Calorific Value (MJ/kg) 
Biomass Type of plastics 
Biomass 
alone 
Mixture 
materials 
(1:1 weight ratio) 
Extra 
yield 
Biomas
s alone 
Mixture materials 
(1:1 weight ratio) 
(Abnisa et 
al., 2014) Palm shell PS 500 46.13 61.63 15.5 
HHV = 
11.94  HHV = 38.01  
(Brebu et 
al., 2010) Pine cone 
LDPE 500 
47.5 
63.9 16.4 GCV = 
n.d 
GCV= 46.33  
PP 500 64.1 16.6 GCV = 45.58  
PS 500 69.7 22.2 GCV = 46.43  
(Cornelissen 
et al., 
2008a) 
Willow PHB 450 49.71 64.24 14.53 HHV = 16.10  HHV = 20.22 
(Cornelissen 
et al., 
2008b) 
Willow PLA 450 48.85 51.30 2.45 HHV = 16.13 HHV = 18.49 
(Önal et al., 
2012) 
Potato 
skin HDPE 500 23.00 39.00 16.00 
HHV = 
32.00 HHV = 45.61 
(Liu et al., 
2013) 
Fir 
sawdust 
Waste 
electrical 
and 
electronic 
equipment 
500 46.30 62.30 16 Not reported Not reported 
(Paradela et 
al., 2009) 
Pine 
residue 
Plastic 
waste 
contained: 
56% PE, 
17% PS 
and 27% 
PP 
400 32.00 53.00 21 HHV = 20  HHV = 45  
(Rutkowski 
& Kubacki, 
2006) 
Cellulose PS 500 45.50 58.80 13.3 Not reported Not reported 
(Rutkowski, 
2009) 
Pinewood 
sawdust PS 450 46.00 67.00 21 
Not 
reported Not reported 
(Cornelissen 
et al., 2009) Willow  
Biopearls 
450 50.10 
52.79 2.69 
HHV = 
16.10 
HHV = 19.10 
Solanyl 59.24 9.14 HHV = 15.70 
Potato 
starch 51.52 1.42 HHV = 19.20 
 
 
Brebu et al. (2010) explored the co-pyrolysis of pine cone with synthetic polymers. The 
polymers used included low density polyethylene (LDPE), polypropylene (PP), and PS. 
In their study, pine cones were obtained from a forest in Izmir (Turkey), while 
commercial polymers of LDPE, PP, and PS were selected which were free from any 
stabilizers, fillers and pigments. The pyrolysis temperature was 500°C with a heating 
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rate of 10°C/min. Liquid was found to be the main product of the experiment and yields 
varied from 47.5 to 69.7 wt%. The lowest liquid yield was obtained from the pyrolysis 
of pine cone (47.5 wt%). However, by mixing the pine cone and polymers in the same 
weight ratio, the liquid yield obviously increased. Furthermore, Brebu et al. also 
reported that the energy contents of oils from the pyrolysis of mixed materials were 
higher than those produced by the pyrolysis of pine cone alone. 
 
The utilization of biopolymers in co-pyrolysis has also attracted the attention of some 
researchers. Cornellissen et al. have performed several studies regarding the use of 
biopolymers in co-pyrolysis to produce liquid fuel. Several biopolymers that have been 
tested include polylactic acid (PLA), corn starch, polyhydroxybutyrate (PHB), 
biopearls, eastar, solanyl and potato starch (Cornelissen et al., 2008a; Cornelissen et al., 
2008b; Cornelissen et al., 2009). Willow was selected as a representative biomass in 
their study. The process was performed in a semi-continuous home-built pyrolysis 
reactor, flushed with nitrogen gas, and the temperature was set around 450°C (723 K). 
They found that the flash co-pyrolysis of willow/biopolymers blends generally results in 
improved pyrolysis characteristics: a synergetic increase in pyrolysis yield, a synergetic 
reduction of the water content in oil yield, an increase in heating value, and the 
production of easily separable chemicals. Among them, PHB was found to be the 
biopolymer with the most potential for use in co-pyrolysis since it can produce the 
highest oil yield and has the highest heating value. 
 
Some interesting observations can be made from the data obtained, which are presented 
in Table 2.4. The presence of plastics in the pyrolysis of biomass has clearly improved 
the liquid yield. The pyrolysis of mixtures of biomass and plastics is able to produce 
extra liquid, typically between 1.42 and 22.2 wt%. This finding was also supported by 
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Szuba and Michalik, who mentioned that the increase in the yield of liquid products 
through co-pyrolysis may vary in the range of 2-23 wt% (Szuba & Michalik, 1982). At 
the same time, the energy content of the liquid, represented by the calorific value, 
showed a significant increase. Based on the data in Table 2.4, all types of plastics are 
known to improve the calorific value of the liquid product. However, the concentration 
of energy produced from the co-pyrolysis of biopolymers was found to be lower 
compared to the oil produced from synthetic plastics. 
 
2.5.2 Use of waste tyres in co-pyrolysis 
There is growing interest among researchers in the use of waste tyres as a fuel source 
through the process of pyrolysis. As a research output, several comprehensive reviews 
on various aspects of waste tyres pyrolysis for liquid production have been published in 
2013 (Martínez et al., 2013; Quek & Balasubramanian, 2013; Williams, 2013). In co-
pyrolysis, many studies of pyrolysis of waste tyres mixed with other materials have 
been carried out. However, studies which focused on the pyrolysis of waste tyre/wood-
based biomass blends are currently still limited. Therefore, some effort should be made 
to examine the existence of synergistic effects when employing various pyrolysis 
conditions for the pyrolysis of waste tyre/biomass. Several studies which involved 
waste tyres in the co-pyrolysis process are summarized in Table 2.5. All of the data 
summarized in Table 2.5 were collected from experiments without using catalysts and 
solvents or any additional pressure. 
 
As can be seen from Table 2.5, the studies have been classified into two categories: co-
pyrolysis of waste tyres with wood-based biomass and co-pyrolysis of waste tyres with 
waste oils. In studies of the co-pyrolysis of waste tyres with wood-based biomass, the 
addition of waste tyres was used with the aim of obtaining extra oil. From the studies 
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performed by Alias et al. (2011) and Cao et al. (2009), it is indicated that the presence 
of waste tyres in the pyrolysis of biomass significantly contributes to the increased oil 
yield. Furthermore, as tyre mass is increased in the pyrolysis of biomass, the calorific 
value of the oil obviously increases. Therefore, co-pyrolysis overcomes a defect of the 
low calorific value of the oil derived from the pyrolysis of biomass alone. 
 
The second classification in Table 2.5 is the co-pyrolysis of waste tyres with waste oils. 
For this classification, waste oils were used to improve the quantity and quality of 
pyrolysis oil from waste tyres. This approach is economical and has great potential as an 
eco-friendly option. Waste oils such as waste lubricant oil, bilge water oil and oily 
sludge can be categorized as hazardous waste, since these pose an environmental hazard 
due to both their metal content and the presence of other contaminants. Thus, a proper 
option to manage waste should be considered, and co-pyrolysis has been suggested as 
an alternative technology for conversion of these kinds of waste materials for energy 
recovery and environmental protection. Önenç et al. (2012) studied co-pyrolysis of 
scrap tyres with oily wastes and concluded that co-pyrolysis of scrap tyres with oily 
waste could be an environmentally friendly method for the transformation of hazardous 
waste into valuable products such as chemicals or fuels. 
 
2.6 Synergistic effects on co-pyrolysis 
A synergistic effect is the main factor responsible for all improvements in oil quality 
and quantity. This phenomenon has been considered an interesting area to be researched 
by a number of groups. Generally, the research is focused on the study of synergistic 
effects or the interactive effects between the feedstock used. Some common findings in 
co-pyrolysis studies are discussed in this section. 
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Table 2.5: Several studies of the use of waste tyres in co-pyrolysis 
Classifi
cation Ref. 
Materials 
description 
System configuration and 
operation conditions 
Relevant results and 
observations 
C
o-
py
ro
ly
si
s o
f w
as
te
 ty
re
s w
ith
 w
oo
d-
ba
se
d 
bi
om
as
s 
(Alias et 
al., 
2011) 
Waste tyres without 
wire steel were 
mixed with empty 
fruit bunches with a 
ratio of 1:1.  
The experiment was 
performed using a fixed bed 
reactor. Co-pyrolysis was 
carried out under a nitrogen 
atmosphere at a temperature of 
500°C. Pyrolysis oils were 
collected in an ice/water 
condenser. 
The products of liquid, char, and 
gas were obtained at levels of 
42.80 wt%, 33.20 wt%, and 
24.00 wt%, respectively. The 
liquid product was significantly 
decreased when the empty fruit 
bunches were pyrolyzed alone 
without being mixed with waste 
tyres.  
(Cao et 
al., 
2009) 
Tyre powder with a 
particle size less 
than 165 µm mixed 
with sawdust 
powder (198-350 
µm). The ratios of 
tyre to sawdust in 
the feed were 
varied at 0:100, 
40:60, 60:40, and 
100. 
Feedstock of 100 g was put 
into the fixed-bed pyrolysis 
reactor. Before heating the 
reactors, they were first blown 
for 30 min with nitrogen. The 
reactor was heated to the 
designated temperature of 
500°C at 20°C/min and held at 
that temperature for a 
minimum of 3.5 h.  
The liquid yield reached 45.0 
wt%, 46.2 wt%, 47.0 wt% and 
47.2 wt% when tyres mass 
occupied 0%, 40%, 60% and 
100% in the mixture, 
respectively. The liquid derived 
from pyrolysis of sawdust alone 
had a HHV of 28.51 MJ/kg, 
while the value was increased to 
42.44 MJ/kg when tyre mass 
accounted for 60% of the 
mixture.  
(Martíne
z et al., 
2014) 
Pine woodchips (15 
mm) containing 
bark and waste 
tyres (5 mm) were 
used for the 
experiments.  
Two reactors with different 
scales were used in this study. 
The first part of the co-
pyrolysis experiment was 
carried out in a fixed bed 
reactor (74 cm length and 1.6 
cm internal diameter). The 
reactor was heated externally 
at temperature of 500ºC with a 
heating rate of 80ºC/min. The 
reaction time was set to 15 
min. Different feedstock 
mixtures on mass basis were 
studied in the fixed bed 
reactor: 100% biomass 
(100/0); 90% biomass and 
10% waste tyres (90/10); 80% 
biomass and 20% waste tyres 
(80/20) and 100% waste tyres 
(0/100).  
The auger reactor with a pilot 
plant scale was used for 
second part of the co-pyrolysis 
experiment. Experiments were 
set at 500ºC using nitrogen as 
a carrier gas at 5 l/min and a 
mass flow rate of 5 kg/h. The 
residence time of the 
feedstock inside the reactor 
was fixed at 5 min. 
The results from the first part of 
the experiment showed that the 
pyrolysis of biomass alone 
yielded around 50.0 wt% oil, 
whereas the pyrolysis of tyre 
only resulted in about 47.6 wt% 
oil. Remarkably, no increase in 
liquid yield was observed in the 
pyrolysis of mixtures of pine 
woodchips and waste tyres.  
For the second experiment, the 
liquid yield was 52 wt% for the 
pyrolysis of pine woodchips. An 
increase in the liquid yield was 
found for the 90/10 blend (56.0 
wt%), which was obviously 
higher than that for the liquid 
yield obtained from a fixed bed 
reactor (48.5 wt% for the 90/10 
blend). 
The authors noted that the 
lowest calorific value was 
obtained for pyrolysis of the 
biomass, while the highest was 
obtained for the pyrolysis of 
tyres. In addition, all calorific 
oils increased with an increased 
waste tyre ratio in the blend. 
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(Uçar 
et al., 
2005) 
Two different types 
of scrap tyres, 
passenger car tyre 
(PCT) and truck 
tyre (TT), were 
mixed with waste 
lubricant oil 
(WLO). Both tyres 
were ground to the 
desired particle size 
of 1.5–2.0 mm. The 
scrap tyres 
contained no steel 
thread or textile 
netting. Each tyre 
was mixed with an 
equal ratio of WLO. 
Co-pyrolysis experiments 
were carried out in a fixed bed 
reactor and under nitrogen 
atmosphere at temperatures of 
550, 650 and 800°C. The 
reactor was purged before 
experiments using a nitrogen 
gas flow of 25 ml/min for 10 
min to remove any air inside. 
Liquid products were 
condensed in the first two 
traps by cooling with an ice 
bath. 
The addition of WLO in the 
pyrolysis of scrap tyres is aimed 
at obtaining extra oil. The 
results showed that co-pyrolysis 
with WLO produced more oil 
than pyrolysis of tyres alone. 
Co-pyrolysis of PCT with WLO 
produced liquid about 67 wt%, 
while co-pyrolysis of TT with 
WLO produced a higher liquid 
yield of about 72 wt%. An 
increase in the co-pyrolysis 
temperature had no effect on the 
oil quantity. The calorific values 
for co-pyrolysis oils were 
slightly higher than those of 
pyrolysis oils and close to those 
obtained for commercial diesel.  
(Siva et 
al., 
2013) 
 
 
Scrap tyre (ST) 
with a particle size 
of less than 2 mm 
was mixed with 
oily wastes, 
including bilge 
water oil (BW) and 
oily sludge (OS). 
The ratios of 
ST:BW and ST:OS 
were fixed at 1:1. 
 
The pyrolysis experiments 
were carried out in a fixed bed 
design and stainless steel 
reactor (L; 210 mm; Ø; 60 
mm) under atmospheric 
pressure using a semi-batch 
operation. The co-pyrolysis 
experiment was performed at 
500°C.  
The pyrolysis of scrap tyres at a 
temperature of 500°C produced 
an oil yield of 44.1 wt%. The 
increase in oil yield from co-
pyrolysis processes of ST:BW 
and ST:OS was found to be 64.8 
and 62.4 wt%, respectively. The 
HHV of pyrolysis oils was 
obtained about 43.8, 44.8 and 
44.9 MJ/kg for pyrolysis of ST, 
co-pyrolysis of ST:BW, and co-
pyrolysis of ST:OS, 
respectively.  
(Önenç 
et al., 
2012) 
Scrap tyre (ST) 
samples were 
shredded, crumbed 
and sieved from the 
sidewall rubber of 
scrap tyres to 
produce a size of 
1.5–2.0 mm. The 
scrap tyres 
contained no steel 
thread or textile 
netting. The 
average rubber 
composition of the 
scrap tyres was 35 
wt% natural rubber 
and 65 wt% 
butadiene rubber. 
Bilge water oil 
(BW) and oily 
sludge (OS) were 
selected as the oily 
wastes.  
A glass reactor with an 
internal diameter of 30 mm 
and a total length of 350 mm 
was used in semi-batch 
operation under self-generated 
pressure. Pyrolysis was 
performed at 400 and 500°C 
on individual BW, OS and ST 
and at 500°C on a ternary 
mixture with a BW:OS:ST 
weight ratio of 1:1:2. 
All experiments from pyrolysis 
of the individual components 
showed that the maximum oil 
yields were achieved at 500°C.  
At 500°C, the oils were 
obtained at levels of about 77.5, 
71.3 and 39 wt% for the 
pyrolysis of BW, OS and ST, 
respectively. The oil yield of co-
pyrolysis (BW:OS:ST mixture 
of 1:1:2) was around 50.5 wt%. 
 
 
35 
 
2.6.1 Mechanism of synergistic effects 
Synergistic effects can be achieved through radical interactions during the co-pyrolysis 
reaction. According to Johannes et al. (2013), data on the so-called positive or negative 
synergy depend on the type and contact of components, pyrolysis duration, temperature 
and heating rate, removal or equilibrium of volatiles formed, and addition of solvents, 
catalysts, and hydrogen-donors. Among these factors, the types of blending feedstock 
are a major factor that can significantly influence the synergistic effects; thus, 
synergistic effects on co-pyrolysis can be complicatedly varied (Fei et al., 2012).  
 
Liu et al. (2013) (W.-J. Liu et al., 2013) performed a series of co-pyrolysis experiments 
at 773 K by varying the blending ratio of the biomass and waste electrical and electronic 
equipment (WEEE). Fir sawdust was selected as a representative biomass. The authors 
concluded that a significant increase in the pyrolysis oil yield can be indicated as the 
occurrence of synergistic effects during the co-pyrolysis process. Subsequently, the 
authors reported the existence of some mechanisms of synergistic effects, which were 
clearly observed in their study. One of the mechanisms explained was about hydrogen 
donors. The biomass has a higher H/C molar ratio than WEEE, and the relatively high 
hydrogen content in biomass can act as a hydrogen donor to WEEE during co-pyrolysis. 
A similar finding was also reported by Zhang et al. (2007). Water, one of the major 
components in biomass pyrolysis, is also expected to act as a reactive compound to 
promote further cracking of the WEEE tar to produce more volatile compounds, thereby 
increasing the pyrolysis oil yields. 
 
Furthermore, some researchers contend that knowledge of the synergistic effects 
remains poor. Zhou et al. (2006) commented that the mechanism of the synergistic 
effect between biomass and plastic during co-pyrolysis is unclear. This opinion was also 
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supported by Wang and Li (2008). Biomass and plastic have different decomposition 
mechanisms in the thermal pyrolysis process. The pyrolysis of biomass involves a series 
of exothermic and endothermic reactions (Demirbas, 2009), whereas the thermal 
pyrolysis of plastic occurs by a radical mechanism (initiation, propagation, and 
termination) (Önal et al., 2014). Jakab et al. (2000 and 2001) opined that biomass has 
lower thermal stability than plastics, which can affect their radical degradation 
mechanism by promoting the degradation of synthetic macromolecules.  Sun et al. 
(2013) studied the co-pyrolysis of poplar wood and high density polyethylene (HDPE) 
in a micro-scale reactor using pyrolysis-gas chromatography/mass spectrometry. Their 
results explained that free radicals are formed from biomass pyrolysis and participate in 
reactions of plastic decomposition, yielding more light paraffins, because of the lower 
temperature of biomass component decomposition compared with that of polyolefins. 
Moreover, Önal et al. (2014) described that the synergistic effect in co-pyrolysis is 
complex because of various chemical species. According to the authors, several reaction 
radicals can be induced during co-pyrolysis of HDPE and biomass, including initiation, 
formation of secondary radicals [depolymerization, formation of monomers, favorable 
and unfavorable hydrogen transfer reactions, intermolecular hydrogen transfer 
(formation of paraffin and dienes), and isomerization via vinyl groups], and termination 
by disproportionation or recombination of radicals.  
 
Wang and Li (2008) investigated the synergistic interaction potential in the 
devolatilization characteristics of polylactic acid (PLA) and biomass mixtures during 
co-pyrolysis. The authors stated that some possible general reactions can be proposed, 
such as: (1) the decomposition of lignin and/or hemicellulose results in volatiles that 
react with PLA, which can then additionally react with cellulose; (2) the decomposition 
of biomass and PLA occurs simultaneously, resulting in interactions during the 
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decomposition of biomass and PLA and/or interactions between volatiles after 
decomposition of biomass and PLA and/or interactions between condensables of 
biomass and PLA; (3) the formation of char as a decomposition product of the biomass 
may be the main cause for the changes in PLA degradation processes. 
  
2.6.2 Increase in oil yield 
As can be seen from Tables 2.4 and 2.5, the co-pyrolysis process has a tendency to 
increase the oil yield. Although there are many factors that might contribute to increase 
the oil yield, the nature of biomass is a fundamental factor that determines this. The 
amount of liquid can be easily predicted (low or high) when the composition of biomass 
has been measured. The composition of biomass is generally reported in terms of its 
proximate analysis. Proximate analysis is a method which measures the content of four 
separately identifiable constituents in a biomass: volatile matter, fixed carbon, moisture 
content, and ash content (Kreith, 1998). Initially, the analysis is addressed towards coals 
characterization, and then developed to characterize the biomass sample. In pyrolysis, 
volatile matter and ash content are the main factors that have an effect on liquid yield 
production. Numerous researchers have recognized that the presence of volatiles favors 
the production of a large amount of pyrolysis oil. Asadullah et al. (2008) noted that 
volatile matter is usually converted to bio-oil upon condensation. Omar et al. (2011) 
found that a high volatile content provides the advantages of high volatility and 
reactivity, which are favorable for liquid fuel production. Ash also plays an important 
role in determining the proportions of the liquid product of biomass pyrolysis. However, 
the high ash content (alkali metals) contributes to a decrease in the oil yield, and, as 
consequence, the char and non-condensable gases are produced in higher yields (Fahmi 
et al., 2008; Venderbosch & Prins, 2010b). Therefore, it can be highlighted that biomass 
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with a low ash fraction favors high oil yields, and a high fraction of volatiles favors a 
higher oil yield. 
 
For wood-based biomass, the result of proximate analysis is highly dependent on 
lignocellulosic contents. Lignocellulosic compounds include cellulose, hemicellulose, 
and lignin as primary components, and are generally contained in wood-based biomass. 
Different types of wood-based biomass have different percentages of lignocellulosic 
components. Among them, cellulose and hemicelluloses are components which play an 
important role in generating volatile matter. According to Qu et al. (2011), cellulose is 
more volatile than hemicellulose. Therefore, wood-based biomass with has a high 
amount of cellulose is potentially able to generate high volatile matter, which leads to 
an increase in oil yield. Lignin, which is composed of aromatic rings with various 
branches, decomposes over a wide range of low to very high temperatures with a very 
low mass loss rate. Therefore, wood-based biomass with a higher lignin content might 
have a relatively higher char yield. The effects of lignocellulose compounds on the 
production of volatile matter have been widely studied by many researchers (Kang et 
al., 2012; Qu et al., 2011; Wu et al., 2013; Yu et al., 2014), the results of which are 
depicted in Figure 2.3. 
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Figure 2.3: The definitive trend of biomass composition in producing oil via the 
pyrolysis process 
 
The proximate analysis of plastics depends on their types. Table 2.6 shows the results of 
proximate analyses of plastics taken from the literature. From Table 2.6, it can be seen 
that all plastic types have high characteristics of volatile matter, which means that all 
types of plastic have the potential to produce a high liquid yield through the process of 
pyrolysis. Among the types of plastic, the value of volatile matter of more than 99.50 
wt% was observed for high density polyethylene (HDPE), LDPE, PS, and polyamide. In 
the study performed by Demirbas in 2004, three types of plastic wastes (PS, PE, and 
PP) were pyrolyzed, and the results showed that PS yielded the higher liquid level (89.5 
wt%) than PE and PP (Demirbas, 2004). The same tendency was also observed by Kiran 
et al., who studied the recycling of plastic wastes via pyrolysis (Kiran et al., 2000). The 
oil yield obtained was about 88.8 wt% at a temperature of 600°C and a heating rate of 
5°C/min. Detailed products and components of the pyrolysis of several types of plastics 
have been reviewed by Kaminsky (1991). 
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Table 2.6: Proximate analysis of plastics 
Type of plastics 
Plastics 
type 
marks 
Moisture 
(wt%) 
Fixed 
carbon 
(wt%) 
Volatile 
(wt%) 
Ash 
(wt%) Ref. 
Polyethylene 
terephthalate (PETE)  
0.46 7.77 91.75 0.02 (Zannikos et al., 2013) 
0.61 13.17 86.83 0.00 (Heikkinen et al., 2004) 
       
High-density 
polyethylene  
0.00 0.01 99.81 0.18 (Ahmad et al., 2013) 
0.00 0.03 98.57 1.40 (Heikkinen et al., 2004) 
       
Polyvinyl chloride 
(PVC)  
0.80 6.30 93.70 0.00 (Hong et al., 1999) 
0.74 5.19 94.82 0.00 (Heikkinen et al., 2004)
       
Low-density 
polyethylene  
0.30 0.00 99.70 0.00 (Park et al., 2012) 
- - 99.60 0.40 (Aboulkas et al., 2010) 
       
Polypropylene 
 
0.15 1.22 95.08 3.55 (Jung et al., 2010) 
0.18 0.16 97.85 1.99 (Heikkinen et al., 2004) 
       
Polystyrene 
 
0.25 0.12 99.63 0.00 (Abnisa et al., 2014) 
0.30 0.20 99.50 0.00 (Park et al., 2012) 
       
Polyethylene (PE) 
 
0.10 0.04 98.87 0.99 (Jung et al., 2010) 
Acrylonitrile butadiene 
styrene (ABS) 0.00 1.12 97.88 1.01 
(Othman et al., 
2008) 
Polyamide (PA) or 
Nylons 0.00 0.69 99.78 0.00 
(Othman et al., 
2008) 
Polybutylene 
terephthalate (PBT) 0.16 2.88 97.12 0.00 
(Heikkinen et 
al., 2004) 
 
 
According to observations made by Martínez et al. (2013), waste tyres have volatile 
matter and ash in the range of 57.50-73.74 wt% and 2.40-20.10 wt%, respectively. The 
volatile matter of the tyre consists mainly of polymeric compounds that come from 
natural rubber (NR) and synthetic rubber (SR), such as butyl rubber and styrene-
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butadiene rubber. The proportion of NR and SR are different between passenger car 
tyres (PCT) and truck tyres (TT). Generally, the composition of SR was found to be 
high in PCT, while TT was shown to have a high composition of NR. Ucar et al. (2005) 
performed a study to evaluate two different scrap tyres as hydrocarbon sources for 
pyrolysis. The results of the proximate analysis showed that TT had a higher volatile 
matter than PCT, while the ash content was found to be higher in PCT. They found that 
the product distributions from the pyrolysis of PCT and TT were quite different from 
each other. They also noted that the pyrolysis of TT yielded more liquid than that of 
PCT. 
 
As described earlier, volatile matter is the key to producing pyrolysis oil. To maximize 
the generation of volatile matter, it is also important to adjust the parameters controlled 
in the pyrolysis process. According to Guldogan et al. (2000), temperature and heating 
rate are the pyrolysis parameters which most significantly affect the volatile matter 
yield. The study performed by Paethanom and Yoshikawa showed that moderate 
temperature conditions favor the generation of volatile matter (Paethanom & 
Yoshikawa, 2012). They analyzed the generation of volatile matter at three different 
temperatures (600, 800 and 1000°C), and the results showed that the highest volatile 
matter was obtained at 600°C, while higher pyrolysis temperatures resulted in higher 
fixed carbon contents. A similar trend was also found by Azeez et al. (2011) who 
studied the temperature dependence of fast pyrolysis volatile products from European 
and African biomasses. The experiment was carried out at temperatures between 300°C 
and 700°C with an interval of 50°C. The results revealed that most volatile products 
were obtained at 450°C and 500°C. Furthermore, Pan et al. (1996) explained that the 
faster the heating rate, the higher the volatile yield in pyrolysis. 
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2.6.3 Improvements in oil quality 
Synergistic effects also significantly influence improvements in the quality of the oil 
obtained. These improvements can be clearly seen, especially with regard to fuel 
properties. Generally, the oil obtained from the pyrolysis of wood-based biomass alone 
has a lower calorific value, due to the high oxygen content. However, this can be solved 
by using the co-pyrolysis technique. From Tables 2.4 and 2.5, it can be seen that the oil 
obtained from co-pyrolysis showed an increased calorific value. This tendency can be 
explained by the increased hydrocarbon content of the oil. Therefore, observing the 
contents of C and H and the H/C ratio is important, since they can significantly control 
the calorific value. Önal et al. (2014) studied bio-oil production via the co-pyrolysis of 
almond shell and HDPE. The authors noted that liquid products obtained from the co-
pyrolysis process had a higher energy content than those of pyrolysis of almond shell 
alone. This is due to the addition of HDPE to biomass, which increased the H/C ratio 
from 1.60 to 2.28. They also observed that elemental compositions of co-pyrolysis oils 
contain higher contents of C and H than pyrolysis oil of almond shell alone. In another 
study, Martínez et al. (2014) studied the co-pyrolysis of pine woodchips with waste 
tyres. The authors reported that the C and H contents in the liquid gradually increased 
with the proportion of waste tyres in the feedstock, whilst the O content decreased. They 
noted that a low heating value is the property with the greatest change since it increased 
from 14.9 to 19.0 and to 25.0 MJ/kg for biomass/waste tyre blends of 90/10 and 80/20, 
respectively. Thus, this showed an increase of up to 27% and 70%, respectively. 
Although a synergetic effect is observed for both blends, this effect is more significant 
for the 80/20 blend. From this finding, it can be concluded that the high proportion of 
waste tyre in biomass pyrolysis will contribute more to increasing the heating value. 
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The high water content of pyrolysis oil contributes to the low energy density; thus, for 
its utilization as a fuel, this content is undesirable. The water in pyrolysis oil mainly 
comes from moisture in the feedstock and from dehydration reactions occurring during 
pyrolysis. According to Wasterhof et al. (2007), drying the feedstock to obtain very low 
moisture levels (approaching zero) leads to a decrease in the water content. The authors 
also noted that from a practical point of view, such dry feedstock materials are, 
however, not realistic due to the high costs associated with the dryer. In this regard, the 
co-pyrolysis technique was found to be effective in controlling the water content of the 
oil. All wood-based biomass is hygroscopic, meaning that when exposed to air, it will 
release or pick up moisture until it is in equilibrium with the humidity and temperature 
of the air; because of this, wood tends to have a high moisture content. Unlike wood, 
plastics and tyres do not absorb much moisture and their water contents are far lower 
than the water content of wood. Therefore, the reduction of wood proportion and the 
addition of plastics or tyres as feedstock in pyrolysis will contribute to the reduction of 
water content. Cornellisen et al. (2008) performed research with the aim of reducing the 
amount of pyrolytic water by performing flash co-pyrolysis of willow and polylactic 
acid. The different blends of willow/polylactic acid with a w/w ratio of 10:1, 3:1, 1:1 
and 1:2 were investigate and the authors concluded that the addition of polylactic acid 
clearly reduced the water content in the oil (up to 37%), which also increased HHV (up 
to 27%). 
 
Viscosity is an important property in the chemical design process. Viscosity data are 
essential for various heat transfer considerations, calculating pressure drop, distillation 
calculations and mixing system considerations. For fuels, viscosity data are used to 
evaluate the effect on pumping and injecting. From some observations of co-pyrolysis 
studies, the condition of oil viscosity has not shown a definitive trend. Abnisa et al. 
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(2013) reported that liquid from the co-pyrolysis of palm shell and PS mixtures showed 
higher viscosity compared to the pyrolysis of palm shell alone. The decomposition of 
inorganic material in PS may have contributed to the higher viscosity. Cao et al. (2009) 
found a different trend with Abnisa et al. (2013), and reported that when tyre mass was 
increased in the mixture, the viscosity of the oil gradually decreased. The authors also 
reported that although the oil showed a decrease in viscosity, it was still higher than that 
of diesel oil 0#. There is a simple technique that can be used to reduce the viscosity of 
oil. According to Yu et al. (2007), adding methanol and/or ethanol to the pyrolysis oils 
reduced viscosity and slowed down the increase in viscosity and water content during 
storage. Blending of methanol or ethanol with pyrolysis oils may be a simple and cost-
effective approach to converting pyrolysis oils into a stable gas turbine or home heating 
fuels. 
 
Generally, the main compounds present in the oil produced by the pyrolysis of wood-
based biomasses are alcohols, aldehydes, phenols, acids, esters, ketones, guaiacols, 
syringols and furans (Zhang et al., 2007). Among them, phenols have been found to be 
dominant in the oil (up to 55%) (Diebold, 2000). According to Samanya et al. (2012), 
the high level of phenols can contribute to increased acidity and instability of the oil. 
Martínez et al. (2014) stated that phenolic compounds originate from the decomposition 
of lignin contained within the biomass wood. The authors also mentioned that lignin-
derived products are mainly responsible for the high molecular weight and viscosity of 
pyrolysis oils and thus, one of the aims of any upgrading process is to remove these 
compounds. In this regard, in a study of the co-pyrolysis of biomass with waste tyres, 
Martínez et al. proved that the percentage area of phenolic compounds was significantly 
decreased for biomass/waste tyre blends; this decrease was about 20% and 40% for the 
90/10 and 80/20 blends, respectively. Thus, they concluded that a synergic effect 
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towards phenolic compound removal was taking place. A similar tendency was also 
found by other researchers who studied the co-pyrolysis of palm shell and polystyrene 
(Abnisa et al., 2014). The authors noted that the quantity of phenol groups in the oil of 
mixed materials (50:50 ratio) was reduced (around 8.27%) compared to oil obtained 
from the pyrolysis of palm shell alone, while compounds consisting entyrely of 
hydrogen and carbon were identified as abundant in oil. However, it should be noted 
that there is a type of plastic which can give a positive contribution to increase the 
amount of phenols. A research study by Brebu and Spiridon (2012) identified abundant 
phenol compounds in polycarbonate, which has similar characteristics to lignin. The 
authors noted that the main pyrolysis products from polycarbonate are phenol, with its 
derivatives at carbon numbers C10-C14, and bisphenol, with its derivatives at C22. In 
brief, the addition of polycarbonate in the pyrolysis of biomass to produce liquid fuel is 
not recommended since it can contribute to increase the phenol compounds in the oil.   
 
The co-pyrolysis of biomass wastes has also been found to be effective in recovering 
hydrocarbon-based chemicals, which promote improvement in the fuel quality. The 
presence of hydrocarbon-based chemicals has been detected by many researchers 
through several types of analyses such as GCMS, FTIR, and 1H NMR. Önal et al. 
(2014) reported that co-pyrolysis of HDPE and almond shell led to an increase in alkene 
fractions by 75% compared with the results obtained for individual biomass pyrolysis. 
In another study, Aboulkas et al. (2012) tried to co-pyrolize HDPE with oil shale. The 
authors noted that the oil obtained by co-pyrolysis had similar properties to commercial 
gasoline. In the oil obtained from co-pyrolysis, aliphatic components were dominant. 
This result was observed using two different analyses: FTIR and 1H NMR. The research 
article released by Abnisa et al. (2014) showed that the hydrocarbon groups in oil from 
the co-pyrolysis of palm shell and PS were mostly found in the form of aromatics and 
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benzene, with percentages of 39.59% and 32.99%. Cao et al. (2009) studied the 
behavior of co-pyrolysis feedstock between sawdust and tyre on the formation of 
polycyclic aromatic hydrocarbons. The authors reported that the percentage of tyre in 
the mixture had a great influence on the content of polycyclic aromatic hydrocarbons in 
the oil. The experiment showed that the total content of polycyclic aromatic 
hydrocarbons varied from 5.78×10-4g g-1 to 2.2×10-3g g-1 when tyre mass occupied 40% 
and 60% of the mixture, respectively.   
 
The oil from pyrolysis of biomass generally has lower sulfur content at approximately 
0.1 wt% (Abnisa et al., 2013a; Abnisa et al., 2013b). The addition of waste tyre in the 
pyrolysis of biomass can increase the sulfur content in the oil. This finding is clearly 
evident in the study performed by Martinez et al. (2014). The result from ultimate 
analysis showed an increment in sulfur content when tyre mass occupied 10% and 20%. 
The sulfur content increased by around 0.2 wt% and 0.4 wt% for the 90/10 and 80/20 
blends, respectively, whereas no sulfur was detected for pyrolysis of biomass alone. Oil 
with high sulfur contents needs to be desulfurized before it can be used for combustion. 
One of the effective techniques that can be applied to remove the sulfur content is the 
oxidative desulphurization technique. This technique was found to be a very promising 
approach for the reduction of sulfur content of up to 92%, which only requires low 
temperature of 50 °C and atmospheric pressure for its process condition (M. F. Ali et 
al., 2006). 
 
2.7 Byproducts of the co-pyrolysis process 
Furthermore, the co-pyrolysis of biomass wastes also produces char and gas as 
byproducts. As reported by Bridgwater (2012), the byproduct of char from the pyrolysis 
of biomass is typically obtained in yields of up to 12 wt% on a dry-feed basis, together 
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with gas with a proportion of around 13 wt%. Among the byproducts, gas from the 
pyrolysis of biomass has a lower calorific value than natural gas or pyrolysis tyre gas. 
However, co-pyrolysis may also increase the calorific value. Some information about 
the byproducts generated from the co-pyrolysis process is presented below. 
 
2.7.1 Char 
Bernardo et al. (2012) studied the physico-chemical properties of chars obtained in the 
co-pyrolysis of waste mixtures. The char samples were obtained from the pyrolysis of 
three different waste mixtures: plastics, pine biomass, and tyre wastes. The authors 
noted that the addition of tyres to the waste mixture significantly increased the yield of 
char; otherwise, the addition of plastic in pyrolysis of pine biomass had no effect on the 
increase in char yield. The same tendency was also found by Lopez et al. (2011) in a 
study about the dechlorination of fuels in the pyrolysis of polyvinyl chloride (PVC)-
containing plastic wastes. The authors stated that only a small quantity (0.6-1.3 wt%) of 
solid char was obtained from the pyrolysis of plastics or mixtures of plastics. 
In addition, the quality of char from co-pyrolysis showed improvements in the calorific 
value. Paradela et al. (2009) noted that the solid products obtained from the co-pyrolysis 
of a mixture of materials (biomass and plastic wastes) had higher heating values than 
some coals. A similar observation was also found in a study of co-pyrolysis of biomass 
with waste tyres, which was performed by Martinez et al. (2014). Similarly, Brebu et al. 
(2010) reported that the char obtained from the pyrolysis of pine cone alone had a lower 
calorific value than the chars obtained from co-pyrolysis. This is due to the high oxygen 
content in the char derived from the pyrolysis of pine cone alone. The authors noted that 
the difference in the elemental composition of chars from synthetic polymers mixed 
with pine cone and with cellulose may be linked to the presence of lignin in pine cone. 
Furthermore, the authors also explained that the very low sulfur content was found in 
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chars, making them attractive for use in incineration. This makes these products suitable 
for use as fuels, e.g. in co-combustion with coal or other wastes. Another application of 
char is its use as an adsorbent in water treatment to remove heavy metals. The chars 
formed from co-pyrolysis can also be potentially used as adsorbents through an 
upgrading treatment. Bernardo et al. (2012) performed a multistep upgrading of chars 
obtained from the co-pyrolysis of PE, PP and PS plastic wastes, pine biomass and used 
tyres. The textural and adsorption properties of the upgraded chars were evaluated and 
the results indicate that the chars are mainly mesoporous and macroporous materials, 
with adsorption capacities for methylene blue dye in the range of 3.59–22.2 mg/g. The 
authors noted that the upgrading treatments performed on the chars allowed 
carbonaceous materials with sufficient quality to be reused as precursors for adsorbents 
to be obtained. 
 
2.7.2 Gas 
According to Bridgwater (2006), high temperatures and longer residence times were 
found to be the best conditions to increase the conversion of biomass to gas. Since the 
process parameters required to maximize oil production are different for gas, in 
pyrolysis, gas is only obtained in low quantities. Generally, the gas produced by 
pyrolysis is in the range of 13–25 wt% of the used biomass. Specifically, Kim et al. 
(1997) tried to observe gas production from the pyrolysis of mixed plastics comprised 
of PE, PP, and PS. The results showed that under normal temperature and pressure 
conditions, liquid was the main product, with yields of around 75 wt%; gas yield was 
always lower than 10 wt%. Similar to plastic waste, the pyrolysis of tyre also tends to 
result in a low yield of gas. William (2013) tried to summarize the data from several 
studies related to the pyrolysis of waste tyres, and the author found that gas can be 
obtained in the range of 2.5 to 28.5 wt%. The author reported that a high yield of gas 
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was usually generated under conditions including a high reaction temperature and a low 
heating rate. To understand the effect of waste mixture composition on gas production, 
a study performed by Paradela et al. (2009) can be a reference. The authors reported that 
the increase in biomass percentage led to an overall decrease in the effective liquid 
yield, while both the solid residue and gas fraction increased almost linearly with the 
biomass percentage. 
 
The gas composition arising from the co-pyrolysis process is dependent on the 
composition of the feedstock used. Generally, the gas product released during wood 
pyrolysis contained CO, CO2, H2, CH4, C2H4, C3H6, and minor amounts of other 
hydrocarbons (Mohan et al., 2006).  For the pyrolysis of tyres, the main gas components 
were CO, CO2, H2S, H2, CH4, C2H4, C2H6, C3H6, C3H8, C4H6, C4H8, and C4H10 
(Williams, 2013).  Furthermore, the gas composition in plastics was found to be 
different depending on the type of plastics. Williams and Williams (1998) studied the 
pyrolysis of six main plastics in municipal solid waste, including HDPE, LDPE, PP, PS, 
PVC, and poly-(ethylene terephthalate) (PET). The authors reported that the main gases 
produced from the individual plastics were H2, CH4, C2H6, C2H4, C3H8, C3H6, C4H10, 
and C4H8 and for the PET plastic CO and CO2. The presence of hydrogen chloride was 
only observed and found to be high for the pyrolysis of PVC. 
 
The gas produced from the pyrolysis process has a significant caloric value; therefore, it 
can be used to offset the total energy requirements of the pyrolysis process plant. Some 
of the factors that can increase the calorific value are high concentrations of hydrogen 
and other hydrocarbons. Hester and Harrison (2013) reported that at conditions of 
normal temperature (25°C) and atmospheric pressure, the calorific value of gas from 
wood biomass was about 16 MJ/Nm3, while the gas produced from the conventional 
50 
 
pyrolysis of municipal waste had a calorific value of the order of 18 MJ/Nm3. The 
author also noted that the pyrolysis of tyre produced a gas with a much higher calorific 
value, of about 40 MJ/Nm3, depending on the process conditions. In the study of the co-
pyrolysis of biomass and plastic waste, Paradela et al. (2009) reported on three 
parameters (reaction time, temperature, and waste mixture composition) which affect 
the calorific value. Firstly, the authors noted that the increased reaction time increased 
the gas heating value, due to the increase in the number of alkanes released. Then, the 
authors noted that the elevated reaction temperature also increased the gas heating 
value, again due to the increased alkane release. Lastly, the author concluded that the 
increased biomass content in the waste mixture significantly decreased the gas heating 
value, mainly due to the decrease in hydrocarbons formation. 
 
2.8 Economic feasibility assessment 
Co-pyrolysis offers simplicity in design and operation, and in many cases has 
successfully produced oil with a high quantity and quality. Therefore, this technique can 
play a pivotal role in development of the biomass energy industry. There is an important 
note which showed that this technique is feasible from an economic point of view. 
Kuppens et al. (2010) used the net present value (NPV) to evaluate the economics of 
flash co-pyrolysis of 1:1 w/w ratio blends of biomass (willow) and biopolymers (PLA, 
corn starch, PHB, biopearls, eastar, solanyl, and potato starch). NPV is the best analysis 
method for selecting or rejecting an investment, either industrial or financial (Graham & 
Harvey, 2001; Pasqual et al., 2013; Vanreppelen et al., 2011). The rule in this analysis 
was that the project would be accepted if the NPV was greater than or equal to zero, and 
would be rejected when the NPV was less than zero (Aziz, 2013). In this regard, the 
study performed by Kuppens et al. showed that flash co-pyrolysis of willow with any 
biopolymer was economically more interesting than flash pyrolysis of pure willow, 
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because the NPV of co-pyrolysis resulted in positive cash flows for all types of 
biopolymers used. This result is supported by some other estimations as well, including 
the initial investment expenditure, the production costs, and the possible revenues. The 
author also noted that the calculations in this research paper were from a case study in 
Belgium, but the economic model behind the case study can be adapted to other 
locations. 
 
In addition, an economic evaluation of the co-pyrolysis process was also studied by 
Shelley and El-Halwagi (1999). A techno-economic feasibility study was performed to 
assess the viability of co-liquefying scrap tyres and plastic waste into liquid 
transportation fuels. The return on investment (ROI) approach was used to make 
investment decisions; if the ROI was positive then the investment was considered 
profitable. The authors noted that the co-liquefaction of waste plastic and scrap tyres as 
well as the liquefaction of scrap tyres alone was both technically and economically 
feasible. The results showed promising economics for the mixed materials case with an 
ROI of approximately 18%, as compared to only 12% for the plastics alone scenario. 
The author also reported that the tipping fees obtained for the raw materials used in the 
process were the key to overall profitability. Similarly, it is in agreement with another 
study performed in 1998 by Huffman and Shah (1998), who reported that the ROI 
depends on the tipping fees received for waste plastics and tyres. The high tipping fees 
received will be linearly contributed to the increase in ROI. 
 
2.9 Discussion on co-pyrolysis scenarios 
This review showed that many researchers have studied the potency of co-pyrolysis 
technique using various types of biomass wastes, and that the results are very 
encouraging. Different investigations were conducted to obtain oil with a high yield and 
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high quality, which followed the various available standards. Several advantages can be 
obtained from using this technique such as reducing the consumption of fossil fuels, 
solving some environmental problems, increasing energy security, and improving waste 
management systems. Apart from these, this technique also offers simplicity in design 
and feasibility in regard to economic analysis. 
  
There are some important factors which need to be highlighted in the feed system of the 
co-pyrolysis process. To obtain a high-grade liquid, adjustments of the types and ratios 
of feedstock are essential. The suitable combination of feedstock in co-pyrolysis can 
include wood-based biomass with waste plastic or wood-based biomass with waste tyre. 
Both options are acceptable, since many studies have proven that these combinations 
can provide improvements in the pyrolysis oil through synergistic effects. However, it 
should be noted that not all plastic types can be used in the process. PVC is not 
recommended as a feedstock material because it contains about 57% chlorine by weight, 
which will affect the diesel quality and can produce chlorinated hydrocarbons, and also 
because it thermally decomposes to hydrochloric acid, which is very corrosive and 
toxic. The presence of 1–3% PVC in the feedstock stream results in the fuel oil product 
having a total chloride level of 5000–10000 ppm (Scheirs, 2006). 
 
Furthermore, it is important to note that the main aim of the addition of plastic waste or 
tyre waste in the pyrolysis of wood-based biomass is to improve the quantity and 
quality of the oil produced. Hence, plastic or tyre waste can be called the additive 
material in the process. In this regard, the proportion of additive material was designed 
to be less than that of the main feedstock (wood-based biomass). Many studies have 
shown that a higher ratio of additive material in the pyrolysis of wood-based biomass 
can contribute to increase the oil quality. However, the minimum use of additive 
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material in each process of co-pyrolysis is preferred; this is due to some considerations 
such as:  
- The production of waste plastics or waste tyres in many countries is generally found 
to be lower than the generation of wood-based biomass. Thus, the limited source of 
additive material is expected to be used and should be sufficient for the amount of 
wood-based biomass available. 
- Besides being used as the additive material in co-pyrolysis, some wastes are also 
needed for the recycling process. This strategy will provide a benefit of reducing the 
consumption of fresh raw materials for the production new plastic or tyre products, 
which leads to saving fossil fuel. 
 
In addition, there are some studies which have used coal in the co-pyrolysis process to 
produce liquid fuel, and have also showed encouraging results. Zhang et al. (2007) co-
pyrolyzed legume straw and Dayan lignite coal in a free fall reactor at temperatures 
from 500 to 700°C. The blending ratio of biomass in mixtures varied between 0 and 100 
wt%. The authors noted that the higher blending ratio of biomass may decrease the char 
yield, and consequently the liquid yields obtained were higher. The same tendency was 
also found by Aboyade et al. (2013), who studied the co-pyrolysis of coal and 
agricultural wastes. Moreover, the rank of coal has an effect on the liquid yield. 
According to Wei et al. (2011), the use of high-rank coal in co-pyrolysis can produce a 
higher liquid yield than that of low-rank coal. However, no further explanations about 
oil quality were found in reports of the co-pyrolysis of biomass wood and coal. For the 
co-pyrolysis of coal with waste tyres, Kříž and Brožová (2007) reported that the 
increased proportion of waste tyres in the pyrolysis of coal contributed to increase the 
liquid yield, which had a relatively lower oxygen content. In addition, the type of 
reactor can significantly effect the oil yield quantity and quality. Acevedo et al. studied 
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the pyrolysis of blends of coal and tyre wastes in a fixed bed reactor and a rotary oven. 
The authors found that the oil yield was always greater in the fixed bed oven than in the 
rotary oven. However, the oils obtained in the rotary oven were more aromatic and 
contained smaller amounts of oxygenated functional groups due to their higher 
residence time in the hot zone of the reactor. 
 
As shown in the above paragraph, the use of coal in co-pyrolysis can be one option to 
produce liquid fuel. However, this option is not a benefit with regard to reducing the 
dependency on fossil fuel, since coal is a part of fossil fuel. Therefore, the use of coal in 
the co-pyrolysis process is not recommended. 
 
Co-pyrolysis is a promising technique that can produce a high grade pyrolysis oil from 
biomass waste. This technique also offers several advantages on its application: 
- Co-pyrolysis can be easily applied to existing plants of the pyrolysis of biomass. 
- The low cost associated with upgrading processes from pyrolysis to co-pyrolysis: if 
a plant is run for the pyrolysis of wood-based biomass, there will be no need to 
invest money in a special plant for the use of waste plastics and tyres. 
- No special equipment needs to be designed and constructed for co-pyrolysis. Some 
minor modifications maybe needed, but only for the feed preparation system. 
- As a byproduct, solid fuel is sometimes poor in organic matter; the addition of waste 
plastics and tyres to wood-based biomass may improve its quality. 
- The quantity and quality of desired products (oil, solid or gas) can be easily 
controlled by adjusting process parameters.  
 
The primary disadvantage of co-pyrolysis lies in the biomass preparation unit. Given 
that this technique deals with many types of biomass, an additional pre-treatment 
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system is required, which can substantially increase the cost for the installation and 
operation of such units. 
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CHAPTER III 
CHARACTERIZATION OF BIO-OIL AND BIO-CHAR FROM PYROLYSIS OF 
PALM OIL WASTES 
 
3.1 Introduction 
Currently, the utilization of biomass for energy is expected to contribute substantially to 
the projected renewable energy supplies of the future. The availability of biomass is a 
basic parameter in the control of energy supplies. Theoretically, biomass resources are 
the world’s largest sustainable energy source and represent approximately 220 billion 
oven dry tons of annual primary production (Moreira, 2006). As an alternative energy 
source, biomass can be used by direct combustion or be converted into other energy 
products, such as liquid bio-oil or bio-char. Over the past few years, the development of 
products from biomass through the pyrolysis technique has been intensively 
investigated.  
 
Pyrolysis is one of the most promising processes to convert biomass to bio-oil, bio-char, 
and non-condensable gases. The process typically occurs at high operating temperatures 
and in the absence of oxygen. The pyrolysis involves a series of exothermic and 
endothermic reactions. The exothermic reaction that involves the cracking of organic 
matter into small fractions occurs at low temperatures during the initial stage of 
pyrolysis. As the process temperature is increased, some of the primary products are 
vaporized and cracked into secondary products. The conditions for the vaporization and 
secondary cracking are usually described as endothermic reactions (Cheung et al., 
2011). Biomass such as wood, bagasse, rice hulls, rice straw, peanut hulls, oat hulls, 
wheat straw, rice hulls, and coconut fiber is commonly used in the process (Mohan et 
al., 2006; Zheng, 2007). Numerous studies have shown that as much as 70 wt% of 
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biomass is converted to bio-oil via pyrolysis (Bridgwater & Peacocke, 2000). The bio-
oil increases the added value of biomass because it is easy to store, pump and transport 
(Czernik & Bridgwater, 2004). However, the yield of bio-char as the other product of 
the pyrolysis process is approximately 15-25% (Mohan et al., 2006). The char may be 
used as solid fuels through its conversion into briquettes. It can also be mixed with 
biomass and be further used to satisfy the total energy requirements of the pyrolysis 
plant because it has a high calorific value (Ertaş & Hakkı Alma, 2010). 
 
Bio-oil, as a renewable liquid, is the main product of the pyrolysis of biomass, which 
can potentially be used as a fuel or chemical feedstock. The physical form of the liquid 
is dark-brown in color and free-flowing and has a strong acrid smell. The chemical 
composition depends predominantly on the biomass used and the conditions used in the 
process. Bio-oil is derived from the depolymerization of cellulose, hemicellulose and 
lignin. In general, the major identified compounds of the bio-oil are water, acids, 
alcohols, ketones, aldehydes, phenols, ethers, esters, sugars, furans, nitrogen 
compounds, and multifunctional compounds (Lu et al., 2009; Özbay et al., 2008). The 
oil has the disadvantages of corrosiveness, instability, a low heating value, and a high 
moisture content, which is the result of its high oxygen content (35-60 wt%) (Xiujuan 
Guo et al., 2011). As a consequence, the combustion properties of bio-oil need to be 
upgraded before it can be used as a substitute for conventional fuels. 
 
Furthermore, the pyrolysis of biomass also produces gas and char as byproducts. The 
gas produced by using pyrolysis represents approximately 13 wt% of the used biomass. 
Because of its high calorific value, the gas product can be used to offset the total energy 
requirements of the pyrolysis plant (Horne & Williams, 1994). High temperatures and 
longer residence times are the best conditions for increasing the conversion of biomass 
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to gas (Bridgwater, 2006). Additionally, the obtained char may be used in different 
industries, such as for the production of chemicals, activated carbon, carbon nanotubes, 
carbon fibers, etc. The produced bio-char is also a better fuel than the precursor 
biomass, which means that it can be used as a high-efficiency solid fuel (converted into 
briquettes alone or mixed with biomass) in boilers where bagasse or other biomass is 
burnt (Uzun et al., 2010). The production of hydrogen-rich gas by thermal cracking in 
the gasification process is another possible application of produced bio-char (Katyal et 
al., 2003). In addition, bio-char can be used in agriculture to reduce negative 
environmental and soil-quality repercussions of harvesting. Bio-char is highly absorbent 
and therefore increases the ability of soils to retain water, nutrients and agricultural 
chemicals and thereby prevents water contamination and soil erosion (Mullen et al., 
2010). 
 
Malaysia produces a high amount of agricultural waste each year (Goh et al., 2010), and 
most of it originates from the palm oil mill industry. Each ton of fresh fruit bunches will 
produce 0.91 tons of biomass waste during the process, which includes palm shell, 
empty fruit bunches (EFB), and mesocarp fiber (Sudirman et al., 2011). Figure 3.1 
shows the wastes generated from oil palm trees. In 2007, researchers estimated that the 
amounts of waste were approximately 4.7, 15.8, and 9.6 million tons for palm shell, 
EFB, and mesocarp fiber, respectively (Mekhilef et al., 2011). In general, the wastes are 
not fully utilized and continue to be used to cover the road surface in plantation areas or 
burnt, which contributes to increasing CO2 emissions (Abnisa et al., 2011). The 
conversion of palm oil waste to bio-oil and bio-char could solve the disposal problem, 
decrease the costs of waste treatment, increase the added value of the waste and solve 
some environmental problems.  
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Figure 3.1: The wastes generated from oil palm trees 
  
In this study, palm oil wastes, including palm shell, EFB, and mesocarp fiber, were 
characterized and then pyrolyzed in fixed-bed reactor. The same pyrolysis conditions of 
temperature, particle size, reaction time, and N2 flow rate were used for all of the 
experiments to obtain the yields of bio-oil and bio-char. Furthermore, the products were 
characterized using several laboratory instruments to obtain an overview of their 
chemical and physical properties. 
 
3.2 Materials and Methods 
3.2.1 Raw materials 
The palm oil wastes were obtained from Sime Darby Plantation in Selangor Darul 
Ehsan, Malaysia. The waste included palm shell, EFB, and mesocarp fiber. The samples 
were washed and subsequently dried under the sun for one day. The dried samples were 
ground and screened to give particle sizes that ranged from 1.0 to 2.0 mm, then dried 
again in an oven at 105 °C for 24 hours to remove moisture.  
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3.2.2 Pyrolysis procedure 
The pyrolysis procedure was performed by charging 200 g of the sample into a 310 
stainless steel reactor with a length of 127 cm, an internal diameter of 2.5 cm and outer 
diameter of 2.7 cm. The reactor was heated using an electric furnace, and the 
temperature was monitored using a K-type thermocouple placed inside the reactor. A 
detailed figure of the pyrolysis apparatus has been previously described by Abnisa et al. 
(Abnisa et al., 2011). Nitrogen gas (N2) was used as an inert gas to purge air from inside 
the reactor; the purging was continued from the start of the process until its completion. 
The condensable products, as bio-oils, were collected in a series of condensers and 
stored at 0.5 °C; the products were subsequently weighed to obtain the weight of bio-
oil. The bio-char was collected from the inside of the rector and weighed. The final 
yields of bio-oil and bio-char were calculated as follows: 
 
100%
X
XY
2
1
OP          (3.1)  
  
where YOP is the yield of product, X1 is the mass of either bio-oil or bio-char, and X2 is 
the initial weight of the raw material. The yield of gas was determined by difference.  
 
Some literature studies (Bridgwater, 1999; Bridgwater & Peacocke, 2000; Mohan et al., 
2006) and our previous study (Abnisa et al., 2011) have shown that the optimum yield 
of bio-oil is obtained under conditions of 500 °C, a particle size of 1 - 2 mm, a reaction 
time of 1 hour, and an N2 flow rate of 2 L/min. Therefore, in this study, these same 
conditions were used for all of the experiments. The heating rate was 10 °C/min. To 
validate the data, each experiment was repeated in 3 - 5 replicates, and the average 
result was taken as the final yield. The reactor, condenser, and piping system were 
sterilized before being used for different samples to avoid contamination of the samples.  
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3.2.3 Characterizations 
Before analysis, bio-oil was separated into two fractions by a centrifugation process 
based on a procedure developed by Bartero et al. (2011b). The process was performed 
by 8 min centrifugation at 3200 rpm and the fractions after centrifugation are referred to 
as upper and bottom layers. Afterwards, several laboratory tests were conducted to 
characterize the properties of the bio-oils. A Metrohm 827 pH meter was used to 
analyze the pH of the bio-oils, and the measurements were performed at room 
temperature. The water content was measured using a Karl-Fischer 737 KF Coulometer 
from Metrohm. Hydranal-coulomat AG (80 mL) and Hydranal-coulomat CG (5 mL) 
were used as anolyte and catholyte reagents, respectively. The densities of the bio-oils 
were measured using a pycnometer with volume of 25 mL. The analysis was performed 
at 24 °C.  
 
To analyze the functional group compositions of the raw materials, bio-oils, and bio-
chars, a Perkin Elmer FTIR spectrometer (Spectrum 400) was used to generate the 
infrared (IR) spectra of the samples. The samples were scanned in the range of 400 to 
4000 cm- 1 with a resolution of 4 cm-1. Special preparation was performed for FTIR 
analysis of raw materials and bio-chars. The sample of 0.1 g was mixed with 1 g of 
spectroscopy grade KBr in mortar porcelain. The mixed sample was converted to a solid 
disc which was placed in an oven at 105 °C for 4 hours to avoid any interference with 
any existing water vapor of carbon dioxide molecules. A solid disc of pure KBr was 
used as a reference sample for background measurements.  
 
The proximate analysis of both the precursors and the products was conducted 
according to ASTM D 7582-10 by using thermal gravimetric analysis (TGA), and the 
results were expressed in terms of moisture, volatile matter, fixed carbon and ash 
62 
 
contents. The carbon (C), hydrogen (H), nitrogen (N), and oxygen (O) contents of the 
samples were determined using a Perkin-Elmer model 2400, Series II CHNS/O 
analyzer. CHN combustion tube and reduction tube were used for this determination. As 
reported in literature (Abnisa et al., 2011; Luangkiattikhun et al., 2008; Sulaiman & 
Abdullah, 2011), palm oil wastes have very low sulfur content (around 0.1 wt%), thus, 
the value of it was not determined in this study. The results of the proximate and 
ultimate analyses of the palm oil wastes are listed in Table 3.1. The lignocellulosic 
contents of palm oil wastes were determined by using gravimetric method, and the 
results are presented in Table 3.2. 
 
In this study, the high heating value (HHV) was calculated from the elemental 
compositions using the Dulong-type formula modified by Mott and Spooner (see Eq. 
3.2) because the oxygen content in the products and raw materials were found to be 
greater than 15 wt% (Buckley, 1991; Mott & Spooner, 1940).  
   S0941.0OO000720.0153.0H418.1C0.336  (MJ/kg) HHV   (3.2) 
 
 
Scanning electron microscopy (SEM) experiments were conducted to identify the 
physical morphology of the surfaces. A JSM-6390LV (JEOL, Japan) operated at a 3 kV 
accelerating voltage was used to characterize the morphology of the precursor and the 
bio-chars, which were dried overnight at approximately 105 °C under vacuum before 
SEM analysis. No conductive coating was applied to prepare the samples for SEM. In 
addition, to reduce the margin of error and to produce more reliable data, each analysis 
of products from all experimental works was repeated three times and the results were 
averaged. 
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3.3 Results and discussion 
3.3.1 Raw materials  
The lignocellulosic contents of palm shell, EFB, and mesocarp fiber are tabulated in 
Table 3.2. The observed cellulose content of EFB was greater than that of palm shell 
and mesocarp fiber, whereas a high hemicellulose content was found in the mesocarp 
fiber material. According to Mohan et al. (Mohan et al., 2006), during pyrolysis, the 
degradation of cellulose content began at 240 °C, and the reaction was complete when 
the temperature reached 360 °C. They also explained that lower temperatures of 
approximately 200-260 °C were needed to degrade hemicellulose. The organic acids, 
such as formic acid and acetic acid, are products formed from the degradation of the 
hemicellulose and cellulose, and the acid content is responsible for the low pH in bio-oil 
(Bridgwater & Peacocke, 2000). In addition, the degradation of hemicellulose resulted 
in more volatiles, less tars, and less chars than cellulose.  
 
Table 3.1: Proximate and ultimate analyses of palm oil wastes 
Type of palm oil 
wastes 
Proximate analysis (wt%)  Ultimate analysis (wt%) 
Moisture Volatile Fixed carbon Ash  C H N O
a 
Palm shell 4.7 73.5 13.2 8.6  52.05 5.37 0.49 42.10 
EFB 6.9 79.4 10.8 2.9  43.06 5.98 0.55 50.42 
Mesocarp fiber 8.6 78 7.6 5.8  45.03 6.15 0.94 47.89 
a By difference 
 
In this study, the highest lignin content was observed for the palm shell material. Lignin 
is known as the most thermally resistant component compare to cellulose and 
hemicellulose because it possesses a more complex chemical composition; therefore, 
high-temperature conditions from 280 to 500 °C are necessary to decompose the lignin. 
Approximately 25-30% of aqueous compounds gained from decomposition of the lignin 
was composed of methanol, acetic acid, acetone, and water. However, the presence of 
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lignin in biomass favors the production of a high amount of char (Williams & Besler, 
1993).  
 
Results of the proximate and ultimate analysis of the untreated biomasses are given in 
Table 3.1. The proximate analysis gives the fixed carbon, volatile and ash content of the 
samples. As evident from the results in Table 3.1, all of the samples contained a high 
concentration of volatiles. This volatiles content was contributed by the degradation of 
hemicellulose at 200-260 °C contained in the samples (Mohan et al., 2006). The 
presence of volatiles favors the production of a large amount of bio-oil. Omar et al. have 
found that a high volatile content provides the advantages of high volatility and 
reactivity, which is favorable for liquid fuel production (Omar et al., 2011). A higher 
percentage of fixed carbon in palm shell compared to that in other raw materials is also 
notable because such a material would result in a product with a higher carbon content 
after pyrolysis. 
 
Table 3.2: The lignocellulosic contents of palm oil wastes 
Type of palm oil wastes Cellulose (%) Hemicellulose (%) Lignin (%) 
Palm shell 27.7 21.6 44 
EFB 51.2 22.5 21.3 
Mesocarp fiber 23.7 30.5 27.3 
 
 
The ultimate analysis showed that the raw materials of palm shell, EFB, and mesocarp 
fiber consisted of moderately high contents of carbon and oxygen. The hydrogen 
content in all the palm oil wastes was low. However, the nitrogen content was found to 
be the lowest in the palm oil wastes among the analyzed elements. 
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Figure 3.2: FTIR spectra raw materials of palm shell, EFB, and mesocarp fiber 
 
The IR spectra of palm shell, EFB, and mesocarp fiber are shown in Figure 3.2. The 
typical functional groups and the IR signals are listed in Table 3.3, along with a list of 
the possible compounds that may be responsible for each signal as a reference (Leng et 
al., 2011; Yang et al., 2006; Yang et al., 2007). The spectra of both EFB and mesocarp 
fiber are similar with respect to their shapes and their intensities. The infrared spectra of 
palm oil shell exhibited weaker IR absorbances compared to those of mesocarp fiber 
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and EFB, which may reflect its lower volatiles content (Yang et al., 2006). This result is 
in good agreement with the proximate analysis results (Table 3.1).  
 
Table 3.3: The main functional groups of palm shell, EFB, and mesocarp fiber 
 
 
The most significant band in the spectra in Figure 3.2 occurred at 1060 cm-1; this band, 
which exhibits the highest IR absorbance, may be due to the presence of ethers (C–O-
C). Mesocarp fiber and palm shell showed the highest and the lowest IR adsorption 
intensities, respectively, at this absorbance value. The high intensities of the bands in 
the spectra at 1613 cm-1 and 1450 cm-1 were mentioned by Yang et al. as possibly being 
due to an aromatic skeletal mode that is significantly intensified by the presence of 
oxygen-containing polar substitutes (Yang et al., 2006). 
 
 Wavenumber (cm-1) Functional groups Compounds 
1 3600–3100 (s) O–H stretching vibration Acid, methanol 
 1108 (m)  O–H association  C–OH 
 1333 (m) O–H bending 
 1440–1400 (m)  OH bending  Acid 
2 2860–2970 (m)   C–Hn stretching vibration Alkyl, aliphatic, aromatic 
 700–900 (m)  C–H  Aromatic hydrogen 
 1402 (m)  C–H bending 
3 1700–1730 (m),  
C=O  stretching  Ketone and carbonyl 
 1510–1560 (m)  
 1279-1060 (s)  C–O stretching vibration Phenol 
 1232 (s)  C–O–C stretching  Aryl-alkyl ether linkage 
 1170 (s), 1082 (s)  C–O–C stretching vibration  Pyranose ring skeletal 
4 1632 (w)  C=C  Benzene stretching ring 
 1613 (w), 1450 (w)  C=C  stretching  Aromatic skeletal mode 
5 1470–1430 (m)  O–CH3  Methoxyl–O–CH3 
 1060 (w)  C–O stretching and C–O deformation C–O-C (ethers) 
 700–400 (w)  C–C stretching 
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Figure 3.3: Yield of pyrolysis products from different palm oil wastes 
 
3.3.2 Bio-oils 
3.3.2.1 Yield of bio-oils 
As evident from the results in Figure 3.3, the conversion of raw material through 
pyrolysis yielded more bio-oil than bio-char or non-condensable gases. The same 
tendencies were found by Mullen et.al for the fast pyrolysis of two corn residues, corn 
cobs, and corn stover (Mullen et al., 2010). The high oil yield may be due to the raw 
materials containing a high fraction of volatiles and low fraction of ash, as shown in 
Table 3.1. Biomass with low ash fraction favors  high oil yields (Bridgwater, 2012), and 
a high fraction of volatiles also favors a higher oil yield (Asadullah et al., 2008). The 
yields of bio-oils obtained were approximately 47.43 wt%, 45.75 wt%, and 43.87 wt% 
for palm shell, EFB, and mesocarp fiber, respectively. In addition, the amount of bottom 
layer obtained after the centrifugation process was similar for all the samples and was in 
the range of 3-8 wt% of the total oil. 
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3.3.2.2 Physicochemical properties of bio-oils 
The physicochemical properties of bio-oils produced from several palm oil wastes are 
presented in Table 3.4. The bio-oils produced in this study were shown to contain a 
large amount of water. The presence of water in the oil arises from the exothermic 
dehydration reaction during the initial stage of pyrolysis (100-300 °C). The highest 
water content of 68% was obtained for bio-oil from mesocarp fiber, and the lowest 
water content of 41% was obtained for bio-oil from EFB. Similar tendencies have been 
observed for products from the pyrolysis of pine sawdust and mesquite sawdust (Bertero 
et al., 2012). 
 
Table 3.4: Physicochemical properties of bio-oils 
Type of bio-oils 
Properties 
Water content 
(wt%) pH 
Density 
(kg/m3) 
Viscosity 
at 50 °C (cP) 
Palm shell 53 2.5 1051 1.9 
EFB 41 3.1 1032 1.7 
Mesocarp fiber 68 2.5 1039 1.5 
 
 
The bio-oils from the pyrolysis of palm oil wastes exhibited low pH values that varied 
from 2.5-3.1. The low pH values indicated that the oils contain high concentrations of 
acidic compounds. As described in the literature, a high concentration of acidic 
compounds may result from the degradation of hemicellulose and lignin during 
pyrolysis (Sınağ et al., 2011). A low pH in bio-oil causes corrosion in storage and 
piping systems in fluidization.  
 
Density and viscosity are properties related to the liquid mass flow rate, which 
significantly affects the performance of fluid atomizers. The densities of the bio-oils 
were similar and in the range of 1032 to 1051 kg/m3. The oils are denser than heavy fuel 
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oil, which typically has a density of approximately 855 kg/m3. All the bio-oils showed 
similar viscosities in the range of 1.5-1.9 cP when measured at 50 °C. Inconsistent with 
the results of a previous study (Abnisa et al., 2011), the bio-oil derived from palm shell 
showed a lower viscosity after centrifugation because the bottom layer was separated 
from the bio-oil. 
 
The ultimate analysis results of the upper layer of bio-oils are given in Table 3.5. The 
analyses showed that all of the bio-oils contained high levels of oxygen (greater than 
70%). In general, the pyrolysis of biomass results in a high oxygen content in the oil 
product; however, the oxygen content in the oils investigated in this study were higher 
than that previously reported in literature. Zheng (2007) studied the production of bio-
oil from the fast pyrolysis of rice husk, and the results showed that the oxygen content 
in the oil was approximately 50.3 wt%. In another study, Zheng (2008) reported that the 
oxygen content was approximately 47.5 wt% in bio-oil produced from the fast pyrolysis 
of maize stalk. To investigate the trend of oxygen content in this study, additional 
ultimate analyses were performed on the bottom layer products. As evident from the 
results in Table 3.5, the results showed that bottom layer in all of the bio-oils contained 
less oxygen than did the upper layer. The high level of carbon content in the bottom 
layer may explain why the oil exhibited a high oxygen content. A similar trend was also 
observed by Sulaiman and Abdullah (2011), where they found that the bottom layer 
from fast pyrolysis of EFB contained 69.35 wt% of carbon and 20.02 wt% of oxygen.  
Mahmood et al. (2012) described that the bottom layer contains the heavy condensable 
phase, which are mainly tars, and the upper layer is the light condensable phase mainly 
comprising of water. However, the high oxygen content causes the oils to have a low 
calorific value.  
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Table 3.5: Ultimate analysis and HHV results 
 
 
Calorific value is an important parameter in the characterization of bio-oil as a fuel. In 
this study, the calorific values are given in Table 3.5 and are represented by HHV. The 
HHV of the upper layer products, which was calculated using Eq. 2, were 
approximately 10.49 MJ/kg, 14.78 MJ/kg, and 12.18 MJ/kg for palm shell, EFB, and 
mesocarp fiber, respectively. The results were lower than the HHV of bottom layer. The 
high carbon content detected in the bottom layer products contributed to the elevated 
HHV values. Nevertheless, the upper layer products have slightly higher hydrogen 
contents than the bottom layer products. Hydrogen is the most important parameter with 
respect to elevation of the HHV because it has the highest heating value among known 
fuels (I. Ali & Basit, 1993). 
 
In this study, a FTIR instrument was used to identify the types of chemical bonds 
(functional groups) in the upper layer of bio-oils. The FTIR spectra of the bio-oils 
Type of products 
Type of palm oil waste 
Palm shell  EFB  Mesocarp fiber 
Bio-oil (upper layer)      
C (wt%) 15.10  14.97  15.29 
H (wt%) 9.08  12.03  10.18 
 N (wt%) 0.15  0.72  0.54 
 Oa (wt%) 75.68  72.30  74.01 
 HHV (MJ/kg) 10.49  14.78  12.18 
Bio-char      
 C (wt%) 79.40  64.93  67.70 
 H (wt%) 3.18  2.55  2.43 
 N (wt%) 0.82  1.12  0.65 
 Oa (wt%) 16.61  31.41  29.23 
 HHV (MJ/kg) 28.85  21.34  29.06 
Bio-oil (bottom layer)       
 C (wt%) 61.15  66.75  58.93 
 H (wt%) 9.07  9.32  8.67 
 N (wt%) 1.09  1.71  0.69 
 Oa (wt%) 28.70  22.23  31.73 
 HHV (MJ/kg) 29.61  32.6  27.97 
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obtained from the pyrolysis of palm oil wastes are shown in Figure 3.4a. The 
wavelengths of the absorbed light indicated that the characteristics of the chemical 
bonds in the different bio-oils were similar. For all the bio-oils, the strong absorption 
bands observed between 3200 and 3600 cm-1 (characteristic of O-H stretching) indicate 
the presence of phenols and alcohols. The absorption bands between 1650 and 1750 cm-
1, which are related to C=O stretching, indicate the presence of ketones, carboxylic 
acids, and aldehydes. The –C–H bending vibrations between 1350 and 1480 cm-1 that 
indicate the presence of alkanes were observed for all of the bio-oils. The presence of 
acid compounds was indicated by the observation of absorptions due to C–O stretching 
within the range of 1210 to 1320 cm-1. The bands between 970 and 1250 cm-1, which 
are assigned to the C–O stretching of alcohols and phenols, were detected in all of the 
oils. Finally, the presence of aromatic compounds in the bio-oils was indicated by 
absorption bands between 650 and 900 cm-1. 
 
3.3.3 Bio-chars 
3.3.3.1 Yield of bio-chars 
Palm shell and mesocarp fiber were identified as biomass wastes that produced greater 
amounts of bio-char (35.26 wt% and 29.80 wt%, respectively) compared with the 
pyrolysis of EFB, which produced 29.05 wt% bio-char. The weight loss or yield of bio-
char may be attributed to either a more extensive primary decomposition of the raw 
material at higher temperatures or to secondary decomposition of the solid product; as a 
result of these processes, the pyrolysis conversion was increased (Şensöz & Kaynar, 
2006; Williams & Nugranad, 2000; Williams & Reed, 2003). Additionally, a great 
difference in the pyrolysis behavior among the three main components of biomass 
(cellulose, hemicelluloses and lignin) plays an important role in the bio-char yield 
(Yang et al., 2007). Yang et al. (2007) have reported that cellulose, hemicelluloses and 
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lignin exhibit the highest to the lowest decomposition rates, respectively, in the 
pyrolysis process. When the temperature is increased to more than 400 °C, almost all of 
the cellulose will be pyrolyzed with a very small amount of solid residue. According to 
the lignocellulosic contents of palm oil wastes (Table 3.2), the EFB contains the greatest 
amount of cellulose among the investigated biomasses. Therefore, the low production 
yield of EFB bio-char can be attributed to the high cellulose content of raw EFB. 
However, mesocarp fiber contains a large amount of hemicelluloses compared to the 
other studied biomasses, especially palm shell. The higher hemicellulose content of 
mesocarp fiber makes the yield of these bio-chars lower than that of palm shell bio-char. 
Finally, palm shell, which contains low levels of cellulose and hemicelluloses and a 
high level of lignin, shows the highest yield of bio-char because, among the three 
components, lignin is the most difficult to decompose.   
 
Figure 3.4: FTIR spectra of (a) bio-oils obtained from pyrolysis of palm oil wastes 
and (b) bio-chars obtained from pyrolysis of palm oil wastes 
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As evident from the results in Table 3.1, EFB shows the highest volatile percentage 
compare with the other two biomasses. Although, mesocarp fiber (Table 3.6) shows the 
highest volatile value after pyrolysis, the high volatiles (40%) and ash contents of EFB 
(12%) may be responsible for its high yield compared to that of mesocarp fiber. A 
comparison of the proximate analysis of biomasses and their chars (see Tables 3.1 & 
3.6), shows that palm shell exhibited the highest reduction of volatiles (from 73.5% to 
18%) during pyrolysis among the investigated biomasses, which is in accordance with 
its lowest yield percentage among the bio-chars. The high fixed carbon and very low 
ash contents of palm shell indicate that this bio-char is suitable for use in the production 
of adsorbents, such as activated carbon. 
 
Table 3.6: Proximate analysis of bio-chars 
Type of bio-chars Moisture (wt%) Volatile (wt%) Fixed carbon (wt%) Ash (wt%) 
Palm shell 6.5 18 72.5 2 
EFB 5.4 40.1 41.7 12.8 
Mesocarp fiber 12.1 52 30.6 4.3 
 
 
From this study, mesocarp fiber was identified as the waste that produced the highest 
amount of gas (26.33 wt %) among the investigated biomasses. The high yield of gas 
can be attributed to a high content of hemicellulose in the mesocarp fiber. This finding 
is in accordance with that reported in the literature (Prabir, 2010). 
 
3.3.3.2 Physicochemical properties of bio-chars 
The infrared spectra of the carbonaceous materials are shown in Figure 3.4b. Although 
the spectra of biomass chars are almost similar in shape and in intensity, different 
oxygen-containing surface groups (C=O, C–O, –OH) and other groups (olefins, –CH2, –
CH3, aromatic rings) differentiate them from the infrared spectra of the raw materials. 
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The intensity of the band attributed to carboxyl groups at 1718 cm−1 decreased, which is 
attributed to the degradation of cellulose components during the conversion of biomass 
into char. Yang et al. suggested that the decrease in intensity of the OH absorbance may 
be due to the dehydration of biomass combined with the release of a large amount of 
water (Yang et al., 2006). A decrease in the intensity of the band associated with alkene 
(C-H) groups in all three biomasses can be explained by the breaking of the weak bonds 
between C and H of the alkyl groups, which results in an increase in the CH4 and C2 
hydrocarbon content in the gaseous products. 
 
A comparison of the FTIR spectral data reveals that the intensity of the C≡C (alkynes) 
absorbance (2313-2330 cm-1) increased in carbonaceous chars, possibly because of 
dehydrogenation. In addition, the intensities of the bands at 1586.33–1571.62 cm-1 and 
877.04–779.19 cm-1 for aromatic C=C and adjacent H deformation were significantly 
higher for the chars than for the raw materials, which indicated the cracking of volatiles 
and the conversion of aliphatic compounds into aromatic compounds in the char. This 
conversion can be attributed to the substantial decrease in the intensities of the OH and 
CH alkyl peaks (Yang et al., 2006). 
 
The char produced from palm shell, EFB and mesocarp fiber have similar chemical 
groups; however, the spectrum of the EFB char shows a higher concentration of OH 
groups (greater intensity of the band at 1374.94 cm-1) and a lower concentration of 
aromatic C=C (decreased intensity in the bands at 877.04–779.19 cm-1) compared to the 
two other bio-chars. These results are attributed to the higher level of oxygen in EFB 
bio-char as a result of the higher level of volatiles in EFB (Table 3.1). The FTIR 
spectral data indicate that the char produced from mesocarp fiber exhibit a decreased IR 
75 
 
absorbance at 2313-2330 cm-1 (C≡C) compared to the spectra of the two other bio-
chars.  
 
Due to the various thermal cracking of organic functional groups on the surface of the 
mentioned palm oil wastes and evolution of volatiles, changes in the elemental 
composition (C, H, O and N) of the bio-chars are expectable. A CHN/O analyzer was 
used to study the chemical composition (C, H, O and N) of the bio-chars, and the results 
are listed in Table 3.5. Carbon, as the main element in all of the produced bio-chars (65-
80 wt%), is present in significantly greater amounts in the bio-chars than in the dried 
biomasses (see Table 3.1). In accordance with the FTIR results (Figures 3.2 and 3.4b), 
the O and H contents significantly decreased, especially in palm shell, because of the 
dehydration and decarbonylation/decarboxylation reactions. In the next step of 
pyrolysis, the aromatization of the bio-char led to the evolution of H2 and to the 
formation of light molecular hydrocarbons (CH4 and C2); thus, the H content in the bio-
chars decreased (Yang et al., 2007).  
 
In addition to their use as soil amendments or in production of porous adsorbents, such 
as activated carbon, an alternative use for the produced bio-chars is as a renewable solid 
fuel. The HHV values for bio-chars from palm wastes (Table 3.5) were 28.85 MJ/ kg, 
21.34 and 29.06 MJ/kg, respectively for palm shell, EFB, and mesocarp fiber. These 
values are comparable to those of some coals (Akkaya, 2009; Bilgen & Kaygusuz, 
2008). The nitrogen levels in the bio-char were between 0.5–1.5%, which is important 
information for predicting the NOx emissions from combustion of the bio-chars. 
 
Figures 3.5a, 3.5c, and 3.5e show the scanning electron microscopy (SEM) images of 
palm shell, EFB, and mesocarp fiber, respectively. A comparison of the SEM 
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micrographs of the raw biomasses and bio-chars allows interesting conclusions to be 
drawn about morphological changes after the devolatilization step. As evident from 
these figures, few pores were present on the surface of the precursors. However, after 
carbonization, the creation of some pores is evidenced in Figures 3.5b, 3.5d and 3.5f, 
which display images of the bio-chars of palm shell, EFB, and mesocarp fiber, 
respectively. These SEM micrographs show that residual palm oil wastes porosity and 
morphology remain in the bio-chars, so it can be said that the short heating time of the 
pyrolysis process has not totally destroyed the original palm shell, EFB, and mesocarp 
fiber cell morphological structure originally present. Instead, chemical decomposition 
has occurred with loss of water and organic fragments which reduces the total mass. 
 
3.4 Conclusion 
The results of analysis of the lignocellulosic contents of palm oil wastes showed that 
palm shell has a high content of lignin (44%), that EFB has a high content of cellulose 
(51.2%), and that mesocarp fiber has a high content of hemicellulose (30.5%). The 
volatiles contents of all the palm oil wastes were high, which is favorable to produce 
more bio-oil. The experimental data showed that more than 40 wt% of palm oil wastes 
can be converted into bio-oil through the pyrolysis process under the following 
conditions: a temperature of 500 ºC, a nitrogen flow rate of 2 L/min and reaction time of 
60 min. All of the bio-oils contained high levels of oxygen (greater than 70 wt%). The 
compounds identified in all of the bio-oils by FTIR analyses include phenols, alcohols, 
ketones, carboxylic acids, aldehydes, alkanes, and aromatic compounds.   
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Figure 3.5: SEM photographs of (a) palm shell, (b) palm shell bio-char, (c) EFB, 
(d) EFB bio-char, (e) mesocarp fiber, and (f) mesocarp fiber bio-char 
 
 
Palm shell and mesocarp fiber were identified as biomass wastes that produced higher 
amounts of bio-char compared to the pyrolysis of EFB waste. A significant difference 
between the pyrolysis behaviors of the three main components of biomass (cellulose, 
hemicelluloses and lignin) was observed to play an important role in the bio-char yield. 
Therefore, palm shell, which contains the greatest amount of lignin, exhibited the 
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highest yield of bio-char because, among the three components, lignin is the most 
difficult to decompose. The infrared spectra of the biomass chars were similar in shape 
and in intensity, whereas different oxygen-containing surface groups (C=O, C–O, –OH) 
and other groups (olefins, –CH2, –CH3, aromatic rings) differentiated the spectra of the 
chars from those of the raw materials. The HHV values of bio-chars from palm wastes 
were 28.85 MJ/kg, 21.34 MJ/kg and 29.06 MJ/kg, respectively, for palm shell, EFB, 
and mesocarp fiber. These values are comparable to those of some coals. 
 
Based on this study, we recommend that pyrolysis is a valid technique that can increase 
the value of palm oil wastes by producing bio-oil and bio-char. The oil can be used as a 
fuel in several applications to generate heat energy, and the EFB is the best material for 
this purpose since it has high calorific value. As a byproduct from pyrolysis, the 
produced mesocarp fiber based bio-char has the highest calorific value and it potentially 
can be used for any application that uses coal. Besides, it also can be noted that the 
utilization of palm oil waste as bioenergy is able to enhance the energy security in 
Malaysia. 
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CHAPTER IV 
UTILIZATION OF OIL PALM TREE RESIDUES TO PRODUCE BIO-OIL 
AND BIO-CHAR VIA PYROLYSIS  
 
 
4.1 Introduction 
Malaysia is a tropical and humid country located in the central part of Southeast Asia 
with a total landmass of 329,847 km2. Approximately 24% of the nation’s landmass is 
used by the agricultural sector, which means the land is categorized as arable, under 
permanent crops, and under permanent pastures (World Bank, 2012). Most of the land is 
planted with oil palm. The expansion of oil palm plantations has occurred each year 
over the last three decades at a real growth rate of 0.36% per year (Department of 
statistics Malaysia, 2011). In 2010, it is estimated that approximately 48,537 km2 
(4,853,766 hectares), or 14.72% of the total landmass, was used for oil palm plantations 
(Department of statistics Malaysia, 2011), with approximately 135 - 145 trees planted 
per hectare (Asma et al. 2010). Each of the trees produces approximately 10% of palm 
oil, while the remaining 90% is biomass residue (Hon & Joseph, 2010). The different 
types of residues are produced by the mill and plantation activities. The palm kernel 
shells (PKS), mesocarp fibers (MF), and empty fruit bunches (EFB) are the main 
residues produced during the milling process, while the fronds and trunks are the major 
residues obtained from the plantation during felling. The fronds are also obtained during 
harvesting and pruning. The sources and types of residues are shown in Table 4.1. The 
volume and type of oil palm residues are expected to rapidly increase and will become a 
serious problem in the future. 
 
Currently, the residues of the oil palm are the main contributors to biomass waste in 
Malaysia, and these wastes require extra attention with respect to handling. A survey of 
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the literature indicates that most of them are handled with unsatisfactory practices that 
negatively impact the environment. Most of the residues from the plantations are 
incinerated or dumped as organic fertilizer to decompose naturally, and only 40% of the 
trunks are used in plywood manufacturing (Asma et al.). In palm oil mills, the PKS, 
EFB, and MF residues are generally sent to the boiler to be burned as fuel for steam 
generation (Mahlia et al., 2001). Although burning the residues as fuel reduces the 
diesel consumption, this approach is not an environmentally friendly approach because 
it produces smoke and dust emissions due to incomplete combustion.  
 
Table 4.1: Sources and types of oil palm residues 
Source of residue Type of residue 
Weight of the total 
source 
(%) 
Quantity per 
hectare 
(ton/ha) 
Fresh fruit bunch 
(from palm oil mill) 
Palm kernel shell 5.5 1.10 
Empty fruit bunch 22 4.42 
Mesocarp fiber 13.5 2.71 
Oil palm tree at felling 
(from plantation) 
 
Trunka 70 41.07 
Frond 20.5 16 
Leaf 6.53 7.69 
Other 2.97 19.44 
Oil palm tree at pruning 
(from plantation) Frond
b 27.03 10.40 
a Palm trunks felled once every 25-30 years. 
b Consists of the leaf and measured in dry weight. 
 
 
The abundant amount of biomass residue from oil palm can potentially be used as a 
renewable energy source through conversion into other energy products such as biofuel. 
The use of biomass in other forms of energy products is more beneficial than the direct 
burning of biomass because it releases many pollutants into the air. One potential 
technique for alleviating these environmental concerns is to convert oil palm residues 
into bio-oil and bio-char via pyrolysis. According to the literature, pyrolysis has been 
recommended as an environmentally friendly method because no wastes are produced 
during the process. Pyrolysis is the thermal decomposition of organic material at 
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elevated temperatures in an inert environment, and the products of this process include 
bio-oil, bio-char, and syngas.  
 
 
Bio-oil is the main product from pyrolysis because it is typically obtained in higher 
yields than the other products. The oil is formed from vapor condensation (Zheng & 
Kong, 2010), and for biomass pyrolysis, the vapors are generally released at a 
temperature of 400-500 °C (Gerçel, 2011; Yang et al., 2006). The oil obtained from the 
condensation process is dark brown in color and free-flowing and also has a strong acrid 
smell. Some advantages of bio-oil include ease of storage and transportation and use in 
the production of renewable energy and chemical feedstocks. According to Zheng, the 
energy density of bio-oil is four to five times higher than that of the original precursor, 
which offers important logistical advantages (Zheng, 2008). For chemical applications, 
the oil can be used to produce useful chemicals by taking advantage of its most 
abundant functional groups, such as carbonyl, carboxyl, and phenolic groups, through 
reaction or separation techniques (Czernik & Bridgwater, 2004; Žilnik & Jazbinšek, 
2012). 
 
In addition to liquid fuel, the stored solar energy of biomass can be converted into solid 
and gaseous fuels with high calorific values through pyrolysis and used for industrial 
combustion purposes (Lim & Alimuddin, 2008). The produced bio-char can be used as 
a highly efficient fuel in boilers either alone or as a mixture with biomass. In our 
previous study, we have shown that the bio-chars produced from the pyrolysis of palm 
oil wastes have high heating values of approximately 20-30 MJ/kg, which is comparable 
to those of some coals (Abnisa et al., 2013a). This value-added product is beneficial for 
soil amendment and prevents water contamination and soil erosion. Due to the high 
adsorption capacity of bio-char, it can adsorb moisture and nutrients and slowly release 
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them to soil (Laird, 2008; Mullen et al., 2010). Bio-char can be used as a stable, 
renewable and inexpensive catalyst for biogas reforming and the conversion of 
greenhouse gases (CO2 and CH4) to value-added products (Domínguez et al., 2007; 
Dufour et al., 2008; Muradov et al., 2012). Another application of bio-char is its use as 
an adsorbent in water treatment to remove heavy metals such as lead, cadmium, arsenic 
and chromium (Mohan et al., 2007; Mohan et al., 2011).  
 
In the present work, the oil palm residues were characterized and then pyrolyzed in a 
fixed-bed reactor. The scope of this paper is limited only to residues from plantation 
activities, while the residues from mill activities were discussed previously (Abnisa et 
al., 2013a). All of the experiments were conducted at the same pyrolysis conditions to 
obtain the yields of bio-oil and bio-char. Furthermore, the chemical and physical 
properties of the products were characterized using several laboratory techniques. 
 
 
Figure 4.1: The residues generated from oil palm trees 
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4.2 Materials and methods 
4.2.1 Raw materials 
The oil palm wastes were obtained from Sime Darby Plantation in Selangor Dahrul 
Ehsan, Malaysia. The waste was separated into four samples categorized as trunk, frond, 
palm leaf, and palm leaf rib. Figure 4.1 shows the wastes generated from oil palm trees. 
The samples were initially treated by washing and subsequent drying in the sun for one 
day. The dried samples were ground and screened to obtain particle sizes that ranged 
from 1.0 to 2.0 mm. Prior to use in the experiments, the samples were dried again in an 
oven at 105 °C for 24 hours to remove the moisture.  
 
4.2.2 Pyrolysis experiments  
Approximately 200 g of the sample was placed in a stainless steel reactor with a length 
of 127 cm and an internal diameter of 2.5 cm. The fixed-bed reactor was selected in this 
study because it is relatively inexpensive, simple, and reliable (Bridgwater, 2003). An 
electric furnace was used to heat the reactor, and the temperature was monitored using a 
K-type thermocouple placed inside the reactor. A detailed design of the pyrolysis 
apparatus is shown schematically in Figure 4.2. Nitrogen gas (N2) was used as an inert 
gas to purge air from inside the reactor. Moreover, N2 was also employed to sweep the 
vapor products from the reactor into the condensation traps. The purging with N2 was 
performed throughout the entyre procedure. The condensable products, specifically the 
bio-oils, were collected in a series of condensers and stored at 0.5 °C. They were 
subsequently weighed to obtain the mass of bio-oil. The bio-char was collected from the 
inside of the reactor and weighed. The final yields of bio-oil and bio-char were 
calculated using the equations below: 
 
100%
X
XY
2
1
OP         (4.1) 
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where YOP is the product yield, X1 is the mass of the desired product, and X2 is the 
initial mass of the raw material. The gas yield was determined by difference: gas yield = 
100 – (bio-oil yield + bio-char yield).  
 
 
Figure 4.2: Schematic diagram of experimental setup 
 
In this study, the same parameters were employed for all of the experiments. Pyrolysis 
parameters were selected according to literature studies (Bridgwater, 1999; Yang et al., 
2006) and the results from our previous study (Abnisa et al., 2011). The experiments 
were conducted using a pyrolysis temperature of 500 °C, a particle size of 1 - 2 mm, a 
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reaction time of 60 min, and an N2 flow rate of 2 L/min. The heating rate was 10 
°C/min. To validate the experimental data, each experiment was repeated with 3 - 5 
replicates, and the average result was used as the final yield. The reactor, condenser, and 
piping system were sterilized between each set of experiments to avoid contamination 
of the samples. 
 
4.2.3 Characterization 
Prior to characterization, all feedstock were dried in an oven at a temperature of 105 °C 
for 24 hours. The pyrolysis products from the experiments were collected in three 
different groups, bio-oil, bio-char, and syngas. Bio-oil and bio-char were collected and 
weighted directly after the production process and the amount of non-condensable gases 
were calculated by mass balance in the system.  Before analysis, the bio-oil was 
separated into two fractions by a centrifugation process based on a procedure developed 
by Bertero et al. (2012). The process entailed centrifugation at 3200 rpm for 8 min, and 
the fractions after centrifugation are referred to as upper-layer bio-oil and bottom-layer 
bio-oil. In addition, in order to reduce the margin of error and to produce more reliable 
data, the analysis of each product from all experiments was repeated three times, and the 
results were averaged. 
 
4.2.3.1 Physical characterization 
The viscosity of the bio-oil was determined using a rotational viscometer equipped with 
an SC4-18 spindle (Brookfield Viscometer made in USA, model DV-II+Pro EXTRA). 
The measurement, which required approximately 7 mL of the sample, was taken at 50 
ºC. A 25 mL pycnometer was used to determine the density of the bio-oil. The 
measurement was performed by carefully filling the pycnometer with the oil and then 
measuring the mass. The density was determined by dividing the mass of the bio-oil by 
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the empty volume of the pycnometer. The analysis was conducted at 24 ºC. Scanning 
electron microscopy (SEM) experiments were conducted to study the physical 
morphology of the surfaces. A JSM-6390LV (JEOL, Japan) operating at a 3 kV 
accelerating voltage was used to characterize the morphology of the precursor and the 
bio-chars, which were dried overnight at approximately 105 °C under vacuum before 
SEM analysis. No conductive coating was applied to prepare the samples for SEM.  
 
4.2.3.2 Chemical characterization 
A Metrohm 827 pH meter (Switzerland) was used to analyze the pH of the bio-oils, and 
the measurements were performed at room temperature. The water content of the bio-oil 
was measured using a Karl Fischer 737 KF coulometer from Metrohm. Approximately 
80 mL of Hydranal-Coulomat AG was used as the anolyte reagent, and 5 mL of 
Hydranal-Coulomat CG was used as the catholyte reagent. Approximately 2 - 6 mg of 
the pyrolytic liquid was injected through a titration cell into a flask.  
 
The proximate analysis of both the precursors and the products were conducted 
according to ASTM D 7582-10 using thermal gravimetric analysis (TGA), and the 
results were expressed in terms of moisture, volatile matter, fixed-carbon and ash 
contents. The ultimate analysis was performed using a Model 2400 Series II CHNO/S 
analyzer (Perkin-Elmer, USA) to determine the C, H, and N contents. A CHN 
combustion tube and reduction tube were used for this measurement. As reported in 
literature (Abnisa et al., 2011; Sulaiman & Abdullah, 2011), oil palm wastes have very 
low sulfur content (around 0.1 wt%), thus, the value of it was not determined in this 
study. The oxygen content was determined by difference as following: O = 100 – 
(C+H+N). The lignocellulosic contents of oil palm residues were determined using a 
method developed by Omar et al. (2011). In this method, three different analyses, 
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namely acid detergent fiber (ADF), neutral detergent fiber (NDF), and acid detergent 
lignin (ADL), were performed. The final ADF, NDF, and ADL values were then used to 
calculate the percentage of cellulose, hemicellulose and lignin using the equations 
below (Omar et al., 2011): 
Cellulose (%) = ADF – ADL       (4.2) 
Hemicellulose (%) = NDF – ADF      (4.3) 
Lignin (%) = ADL        (4.4) 
The data obtained from the ultimate analysis were also used to calculate the high 
heating value (HHV). Eq. (4.5) was used to calculate the HHV because the oxygen 
content in the precursors and the products was found to be greater than 15% (Buckley, 
1991).  
 
  S0941.0OO000720.0153.0H418.1C0.336  (MJ/kg) HHV   (4.5) 
 
To analyze the functional group compositions of the raw materials, bio-oils, and bio-
chars, a FTIR spectrometer (Spectrum 400, Perkin-Elmer, USA) was used to collect the 
infrared (IR) spectra of the samples. The samples were scanned over the range from 400 
to 4000 cm-1 with a resolution of 4 cm-1. For the FTIR analysis, the raw materials and 
bio-chars were prepared using the following method. The sample (0.1 g) was mixed 
with 1 g of spectroscopy grade KBr in a porcelain mortar. The mixed sample was 
converted into a solid disc, which was placed in an oven at 105 °C for 4 hours to avoid 
any interference with any existing water vapor or carbon dioxide molecules. A solid 
disc of pure KBr was used as a reference sample for background measurements. 
 
 
 
 
88 
 
Table 4.2: The lignocellulosic contents of oil palm tree residues 
Type of oil palm wastes ADF NDF ADL Cellulose (%) 
Hemicellulose 
(%) 
Lignin 
(%) 
Trunk 70.33 94.27 35.89 34.44 23.94 35.89 
Frond 72.03 95.21 21.7 50.33 23.18 21.7 
Palm leaf 58.49 81.46 26 32.49 22.97 26 
Palm leaf rib 75.41 98.58 29.31 46.1 23.17 29.31 
 
 
4.3 Results and discussion 
4.3.1 Characterization of the feedstock 
The major components of the residues include cellulose, hemicellulose, and lignin; 
therefore, the thermal effect of the decomposition of these components plays an 
important role in the pyrolysis process to produce bio-oil and bio-char. Table 4.2 shows 
the lignocellulosic contents of the trunk, frond, palm leaf, and palm leaf rib, which were 
analyzed using the ADF, NDF, and ADL approaches. The three components 
decomposed at different rates and within distinct temperature ranges during the 
pyrolysis. According to Ishak et al. (2012), hemicellulose decomposes first, and the 
decomposition of cellulose and then lignin follows. These phases were identified as the 
temperature increased during the pyrolysis. The hemicellulose usually starts to 
decompose near 220 °C, and the process is mostly complete by the time the temperature 
reaches 315 °C (Yang et al., 2007). When hemicellulose had completely decomposed, 
cellulose then undergoes decomposition, which normally starts at a temperature of 315 
°C and is completed at 400 °C. This temperature range can also be assigned to the 
second phase of the lignocellulosic decomposition. In this study, the frond had the 
highest cellulose content, while the trunk had the highest hemicellulose content. Both 
the cellulose and hemicellulose contributed significantly to the bio-oil yield (Akhtar & 
Amin, 2012).  
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The thermal behavior of lignin was found to be considerably different than that of 
hemicellulose or cellulose. Naturally, lignin has a more complex chemical composition; 
therefore, high-temperature conditions are necessary to decompose the lignin. The 
decomposition of lignin occurred slowly, starting at ambient temperature and 
proceeding up to a temperature of 900 °C (Yang et al., 2007). In agreement with the 
literature, the lignin is responsible for the major portion of the bio-char product (Akhtar 
& Amin, 2012; Zabaniotou et al., 2008). According to the results listed in Table 4.2, the 
trunk material had the highest lignin content in this study.  
 
The proximate and ultimate analysis results for the different residues of oil palm waste 
are presented in Table 4.3. In this study, the proximate analysis has been used to 
quantify the relative proportions of moisture, volatiles, fixed carbon and ash in all the 
residues. The moisture content, which can be easily removed by drying the residue at a 
temperature of 105 °C overnight in an oven, was observed to be the highest for the 
frond residue. The percentage of volatile matter was found to be high for the frond and 
trunk, while the palm leaf and palm leaf rib were observed to have lower amounts. In 
contrast to the results for the volatile matter, the trunk and frond contained lower 
amounts of fixed carbon, 4.97 wt% and 3.22 wt%, respectively, than the palm leaf 
(11.92 wt%) and palm leaf rib (11.79 wt%). During pyrolysis, the presence of volatiles 
favors the production of a large amount of bio-oil. According to Omar et al. (2011), the 
high volatiles content results in high volatility and reactivity, which are favorable for 
liquid fuel production. The temperature and heating rate significantly affected the 
volatile matter yield (Guldogan, 2000). In addition, ash also plays an important role in 
determining the proportions of the products of biomass pyrolysis. An increase in the ash 
content contributes to a decrease in the bio-oil yield, and as consequence, the bio-char 
and non-condensable gases are produced in higher yields (Venderbosch & Prins, 
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2010b). The effect of ash was clearly observed for the palm leaf, which had higher 
product yields of bio-char and non-condensable gases than that of bio-oil.  
 
Table 4.3: Proximate and ultimate analyses of oil palm tree residues 
Type of palm 
oil wastes 
Proximate analysis (wt%)  Ultimate analysis (wt%) 
Moisture Volatiles Fixed carbon Ash  C H N O
a 
Trunk 7.16 82.60 4.97 5.27  42.72 5.61 0.44 51.24 
Frond 13.84 82.70 3.22 0.24  42.76 5.99 0.39 50.88 
Palm leaf 9.00 66.76 11.92 12.32  40.40 5.58 1.94 52.09 
Palm leaf rib 8.01 75.94 11.79 4.26  43.76 6.30 0.38 49.57 
a By difference 
 
As listed in Table 4.3, the results from the ultimate analysis showed that all the 
materials contain similar amounts of C, H, N, and O. The C, H, N, and O contents of the 
oil palm residues varied as follows: carbon 40.40 - 43.76 wt%, hydrogen 5.58 - 6.30 
wt%, nitrogen 0.38 - 1.94 wt%, and oxygen 49.57 - 52.09 wt%. The oxygen content was 
found to be higher than the C, H, and N contents of the oil palm residues, and the palm 
leaf has been confirmed to have the highest oxygen content of all the materials.   
 
91 
 
 
Figure 4.3: FTIR spectra of oil palm residues 
 
The infrared spectra of the raw materials are presented in Figure 4.3. Various bands in 
the spectra were identified, including 1) O-H stretching vibrations at 3600-3100, 1333, 
and 1108 cm-1 and O-H bending at 1440-1400 cm-1 from acid and methanol compounds; 
2) aromatic CHn vibrations at 2970-2860, 1402, and 900-700 cm-1; 3) C=O stretching at 
1730-1700 and 1560-1510 cm-1, C-O stretching at 1279-1060 cm-1, aryl-alkyl ether 
linkage (1232 cm-1) and pyranose ring skeletal C-O-C stretching (1170 and 1082 cm-1); 
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4) benzene stretching of the ring C=C at 4632 cm-1 and aromatic C=C at 1613 and 1450 
cm-1; 5) other groups such as C-O stretching at 1060 cm-1 and C-C stretching at 700-400 
cm-1 (Omar et al., 2011; Yang et al., 2006; Yang et al., 2007). The spectra of all the 
biomasses have similar shapes and intensities, although there are some small differences 
in their spectra. Just as for palm oil wastes, these biomasses also exhibit a significant IR 
absorbance at 1060 cm-1, which might result from the presence of ethanol in their 
structures (Abnisa et al., 2013a). 
 
4.3.2 Bio-oil 
4.3.2.1 Bio-oil yield 
The results for the pyrolysis products listed in Table 4.4 show that the non-condensable 
gases are found in higher quantities than the bio-oils in the palm leaf and palm leaf rib. 
The lower oil yield is due to high ash content in the raw materials as shown in Table 
4.3. The same trend also can be observed in the work published by Fahmi et al. (2008). 
They recognized that the presence of ash (alkali metals) decreases the yield of organic 
liquids and tends to increase char and gas yields. Moreover, the volatile matter also 
significantly affects the proportion of the bio-oil product. Asadullah et al. (2008) noted 
that the volatile matter is usually converted to bio-oil upon condensation. Thus, it can be 
assumed that the smaller amount of volatile matter found in the palm leaf and palm leaf 
rib is responsible for the decrease in the amount of bio-oils. The smallest amount of bio-
oil obtained was approximately 16.58 wt% for the palm leaf, which was composed of 
66.76 wt% volatile matter and 12.32 wt% ash content.  
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Table 4.4: Product distributions from the pyrolysis of oil palm tree residues at a 
temperature of 500 °C, a particle size of 1 - 2 mm, a reaction time of 60 min, and 
an N2 flow rate of 2 L/min 
Type of oil palm 
wastes 
Pyrolysis products (wt%) 
Bio-oil Biochar Non-condensable gasesa 
Trunk 40.87 33.60 25.53 
Frond 43.50 30.24 26.26 
Palm leaf 16.58 36.75 46.67 
Palm leaf rib 29.02 28.63 42.35 
a By difference 
 
The lignocellulosic nature of biomass is an important factor that affects the bio-oil yield. 
As shown in Table 4.4, a high oil yield was only observed for the trunk (40.87 wt%) 
and frond (43.50 wt%) samples. The higher bio-oil yield might be due to the fact that 
both samples have high cellulose and hemicellulose contents. Cellulose and 
hemicellulose promote the production of bio-oil because they are highly volatile. 
According to Qu et al. (2011), cellulose is more volatile than hemicellulose. Therefore, 
the material with the largest amount of cellulose should have the most volatile matter, 
leading to an increase in the oil yield. In this study, the frond had the most cellulose 
(50.33%). The frond material also produced the most oil and had the largest amount of 
volatile matter (43.50 wt% and 82.70 wt%, respectively). The same tendencies were 
found by Mullen et.al for the fast pyrolysis of two corn residues, corn cobs, and corn 
stover (Mullen et al., 2010). Their research concluded that the highest bio-oil yield was 
observed for corn stover material, which has the highest cellulose content. In addition, 
the amount of the bottom-layer oil obtained from the centrifugation process was similar 
for all the samples and was in the range of 3-8 wt% of the total oil.  
 
The result from our previous study (Abnisa et al., 2013a) showed that the yields of bio-
oils obtained were approximately 47.43 wt%, 45.75 wt%, and 43.87 wt% for palm shell, 
empty fruit bunches, and mesocarp fiber, respectively. Therefore, it can be concluded 
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that the yields of bio-oils from the residues of palm oil mill activities is more attractive 
than those of residues from plantation activities. 
 
4.3.2.2 Characterization of the bio-oils 
The bio-oil properties are summarized in Table 4.5. From Table 4.5, it can be observed 
that the measured water contents were high, ranging from 52 to 66 wt%, for all bio-oils. 
This result is consistent with the results reported by Bertero et al. (2012). In their 
research, sawdust pine, mesquite trees, and wheat shell were pyrolyzed at a temperature 
of 550 °C for 60 min, and the water contents were determined to be within the range of 
49.60–84.40 wt%. Wasterhof et al. (2007) have studied how to control the water content 
of biomass fast-pyrolysis oil, and they have concluded that drying the feedstock to 
obtain very low moisture levels (approaching zero) leads to a decrease in the water 
content. On the other hand, Garcia-Perez et al. (2008) stated that the biomass particle 
size has a significant effect on the water content of bio-oil. Generally, a smaller particle 
size increases the water content. While a high water content decreases the viscosity of 
bio-oil, which is helpful for pumping purposes, water is an undesirable component of 
bio-oil because it can be detrimental for the ignition performance. 
 
The viscosities of the bio-oils were found to range from 1.23 to 1.99 cP at 50 °C. In this 
study, the viscosity exhibited a negative linear relationship with the water content. As 
shown in Table 4.5, an increase in the water content reduces the oil viscosity. These 
results are in agreement with the work of Nolte and Liberatore (2010), which 
investigated the viscosity of biomass pyrolysis oils from various feedstocks. 
Furthermore, the viscosity of oil can increase during the storage time. According to 
Diebold and Czernik (1997), the viscosity of an oil increases because of the 
polymerization of the reactive species, and as consequence, it might become unstable 
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and separate into two phases (a viscous bottom portion and a fluid aqueous upper 
portion) (Oasmaa & Kuoppala, 2003).   
 
Table 4.5: Properties of bio-oils produced via the pyrolysis of oil palm tree residues 
Type of bio-oil 
Properties 
Water content 
(wt%) 
Viscosity 
at 50 °C (cP) 
Density 
(kg/m3) pH 
Trunk 52 1.99 1053 3.1 
Frond 53 1.88 1045 2.1 
Palm leaf 59 1.75 1040 3.8 
Palm leaf rib 66 1.23 1034 4.6 
 
 
The presence of water in bio-oil also affects the density. Typically, a high water content 
leads to a decrease in the bio-oil density (Oasmaa et al. 1997). This trend is clearly 
observed in this study where the oil produced from palm leaf rib has the highest water 
content and the lowest density compared to the other bio-oil samples. Several 
researchers have supported this finding with studies using various biomass pyrolysis 
process conditions. Salehi et al. (2009) found that the density of bio-oil obtained from 
the pyrolysis of sawdust in a fixed-bed system is 1050 kg/m3 at a water content of 39%. 
Lu et al. (2008) studied the chemical and physical properties of bio-oil produced via the 
fast pyrolysis of rice husk, and they measured an oil density of 1140 kg/m3 at 28% 
water content. Zheng et al. (2008) obtained an oil density of 1160 kg/m3 at a water 
content of 24.2%. The oil was produced from the fast pyrolysis of cotton stalk at a 
temperature of 510 °C in a fluidized bed reactor.  
 
The pH values for all bio-oils obtained from the pyrolysis of oil palm residues were in 
the range of 2.1 - 4.6. In general, the low pH is due to the high concentration of acidic 
compounds in bio-oil. According to Sınağ et al. (2011), a high concentration of acidic 
compounds might result from the degradation of hemicellulose and lignin during 
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pyrolysis. The low pH makes the oil highly unstable and corrosive. Therefore, careful 
material selection is needed in the design of storage and piping systems. 
 
 
Figure 4.4a: FTIR spectra of bio-oils 
 
Figure 4.4a shows the bio-oil spectra from the FTIR analysis. The results showed that 
all the bio-oils have similar types of chemical bonds (functional groups). The strong 
absorption peaks observed between 3200 and 3600 cm-1 indicate that phenols and 
alcohols are present. On the other hand, the peaks are also considered to result from the 
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presence of water impurities (Das et al., 2004). This finding is consistent with the 
results in Table 4.5, namely that the water content of the bio-oils was found to be large 
in this study. The absorption peaks in the range of 1650-1750 cm-1, which are related to 
C=O stretching, indicate the presence of ketones, carboxylic acids, and aldehydes. 
However, only the oil produced from palm leaf rib does not exhibit obvious peaks in 
this range. The –C–H bending vibrations between 1350 cm-1 and 1480 cm-1, which 
indicate the presence of alkanes, were observed for all of the bio-oils. Moreover, the 
acid compounds are represented by the C−O stretching peaks observed between 1210 
cm-1 and 1320 cm-1. From Figure 4.4a, it can be seen that the oils from the trunk, frond, 
and palm leaf exhibited stronger peaks, indicating that they are more acidic than the oil 
produced from the palm leaf rib. This finding is in good agreement with the pH analysis 
results listed in Table 4.5. The C−O stretching vibrations in the range of 970-1150 cm-1 
were assigned to alcohol and phenolic groups. The peaks in the range of 600-700 cm-1 
showed that alkynes, which are represented by the C−H bending vibration, were 
present.  
 
Table 4.6 presents the ultimate analysis results for the upper-layer bio-oils. The results 
showed that more than 70% of the oxygen was detected in the upper layer of the bio-
oils. The high level of oxygen is generally found in bio-oils produced from the pyrolysis 
of biomass. Several authors have reported the oxygen content in varying types of 
biomass to range from 35 to 60 wt% (Czernik & Bridgwater, 2004; Lu et al., 2009; 
Zhang et al., 2007). However, the oils produced in this work have a higher oxygen 
content than has been previously reported in the literature. In this case, additional 
ultimate analyses were performed on the bottom-layer products in order to further 
investigate the behavior of the oxygen content. As shown in Table 4.6, the bottom-layer 
bio-oil products have less oxygen than the upper-layer products. The bottom-layer 
98 
 
product of the palm leaf rib residue has the highest oxygen content of 49.16 wt%. In 
contrast to the upper-layer products, a high carbon content was measured for all bottom-
layer products. A similar trend was also observed in the study conducted by Chen et al. 
(2011), where they found that the bottom-layer bio-oil has high carbon and low oxygen 
contents, while the opposite was observed for the upper layer. This finding is supported 
by Samanya et al. (2012), who noted that the upper layer contained lighter organic 
fractions, while the bottom layer contained tar fractions originating from wood. Of the 
four elements studied in the ultimate analysis, nitrogen was detected in the smallest 
quantities in the upper and bottom layers of the bio-oil.  
 
Table 4.6: Ultimate analysis and HHV results 
a By difference 
 
The HHV of the bio-oil are listed in Table 4.6. The HHV of the upper-layer products, 
which were calculated using Eq. 4.5, were approximately 14.94 MJ/kg, 15.41 MJ/kg, 
Type of product 
Type of oil palm residue 
Trunk  Frond  Palm leaf  Palm leaf rib 
Bio-oil (upper layer)        
 C (wt%) 16.88  17.93  15.16  10.34 
 H (wt%) 11.64  11.69  11.70  9.60 
 N (wt%) 0.64  0.33  0.65  1.64 
 Oa (wt%) 70.85  70.07  72.48  78.42 
 HHV (MJ/kg) 14.94  15.41  14.38  9.52 
Bio-oil (bottom layer)        
 C (wt%) 50.56  54.57  55.54  39.66 
 H (wt%) 9.82  9.03  7.69  7.13 
 N (wt%) 1.07  0.63  3.60  4.06 
 Oa (wt%) 38.56  35.77  33.17  49.16 
 HHV (MJ/kg) 24.31  25.03  23.90  14.83 
Biochar        
 C (wt%) 63.68  65.33  71.79  49.60 
 H (wt%) 2.28  2.56  2.41  2.14 
 N (wt%) 0.63  0.75  1.27  2.74 
 Oa (wt%) 33.43  31.37  24.54  45.53 
 HHV (MJ/kg) 18.79  20.12  23.32  11.64 
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14.38 MJ/kg, and 9.52 MJ/kg for the trunk, frond, palm leaf, and palm leaf rib, 
respectively. However, these values are much lower than those reported by Czernik and 
Bridgwater (2004), who measured HHV of approximately 16-19 MJ/kg. The high water 
and oxygen contents are mainly responsible for the low bio-oil HHV. Moreover, the 
results in Table 4.6 clearly showed that the HHV of the bottom-layer products were 
higher than those of the upper-layer products. The different carbon contents between the 
upper and bottom layers might explain the difference in the HHV listed in Table 4.6. 
Nevertheless, the hydrogen content in the upper layer of the bio-oil was similar to that 
of heavy fuel oil reported in the literature (Czernik & Bridgwater, 2004). Hydrogen is 
the most important component with respect to increasing the HHV because it has the 
highest heating value among known fuels and is typically measured to be approximately 
141 MJ/kg (Ali & Basit, 1993). 
 
4.3.3 Bio-char 
4.3.3.1 Bio-char yields 
The product distributions from the biomass pyrolysis at 500˚C are shown in Table 4.4. 
The palm leaf had the highest bio-char product yield, followed by the trunk, frond and 
finally palm leaf rib. The different behavior of the hemicellulose, cellulose and lignin 
components at the pyrolysis temperature affects the product yields. Hemicellulose starts 
to decompose over a low temperature range of 220-315 ˚C (Yang et al., 2007); 
therefore, most of it decomposes at the pyrolysis conditions of this study. In addition, 
the hemicellulose content of all the precursors is similar (Table 4.2). Thus, the 
hemicellulose contents cannot be an important factor in the bio-char and non-
condensable product yields. Lignin, which is composed of aromatic rings with various 
branches, decomposes over a wide range of low to very high temperatures with a very 
low mass loss rate (Yang et al., 2007). Therefore, the samples with higher lignin content 
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might have relatively higher bio-char yields (Dong et al., 2012), which is true in the 
case of the trunk sample. Although lignin content is an important parameter, cellulose 
content can be considered to be the most significant factor in determining the bio-char 
yield. We observed this effect in our last study where the biomass sample with the 
highest cellulose content, the EFB sample, had a high bio-char yield (Abnisa et al., 
2013a). Due to a faster mass loss rate of cellulose (6.5 wt%/˚C) than of other 
components, almost all of it would decompose at the pyrolysis temperature of this 
study. Therefore, the samples with high cellulose content will lose a large portion of 
their mass during pyrolysis, which might explain the lower bio-char yields of 30.24 and 
28.63% for the frond and palm leaf rib samples, respectively, although they had the 
highest cellulose contents (46.1% for the frond and 50.33% for the palm leaf rib). 
 
On the other hand, the palm leaf and trunk had very high carbon-based and volatile 
matter contents, respectively, in the precursor and bio-char samples (Table 4.3 and 
Figure 4.5). The very high amount of fixed carbon in the palm leaf samples (raw 
material and bio-char) can explain the high bio-char yield. In the case of the trunk-based 
bio-char, which was the second highest yield, the low decomposition of the volatile 
content during the pyrolysis process in addition to a high lignin content can contribute 
to its high yield. 
 
The sweeping gas removes the products of secondary reactions, such as thermal 
cracking, repolymerization, and recondensation, from the hot zone (Ertaş & Hakkı 
Alma, 2010). The part of this pyrolysis vapor that is condensed in the cooling apparatus 
is called bio-oil, and the other part is a non-condensable gas mixture that contains CO, 
CO2, H2, and CH4. The gas product yields of the oil palm wastes are listed in Table 4.4. 
The palm leaf and palm leaf rib had the highest product yields of 46.7 and 42.3%, 
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respectively. It was reported in the literature that a high gas yield can be attributed to a 
high hemicellulose content in the precursor (Abnisa et al., 2013a; Basu, 2010;). 
However, the hemicellulose content of the precursors are similar in this study. As 
shown by the proximate analysis results for the produced bio-chars in Figure 4.5, the 
bio-chars with fewer volatile residuals have higher non-condensable gas product yields. 
Both the palm leaf and palm leaf rib had the lowest volatiles content of 28.7% in the 
produced bio-chars and the highest non-condensable gas product yields. Conversely, the 
samples with high volatile matter content in their bio-char (trunk) had the lowest non-
condensable gas product yields. Thus, it can be concluded that the samples with the 
highest decomposition of volatile matter have higher gas product yields. 
 
4.3.3.2 Characterization of bio-chars 
The FTIR spectra of the trunk, frond, palm leaf and leaf rib bio-chars are shown in 
Figure 4.4b. Compared to the infrared spectra of the raw biomasses in section 3.1, the 
spectra of these carbonaceous materials show that different oxygen-containing surface 
groups (C=O, C–O, –OH) and other groups (olefins, –CH2, –CH3, aromatic rings) are 
present. The O-H stretching vibrations at 3600-3100 cm-1 in the FTIR spectra of the 
produced bio-chars were nearly absent after the carbonization process, probably due to 
the dehydration of the biomass together with the release of a large amount of water 
(Yang et al., 2006). A decrease in the intensity of the alkene (C-H) group vibrations in 
all three biomasses could be explained by the breaking of the weak alkyl C-H bonds, 
which would increase the CH4 and C2 hydrocarbon content in the gas products. 
However, in the case of the trunk-based bio-chars, a small IR absorption peak that is 
consistent with the proximate analysis data in Table 4.3 showing that the trunk samples 
contain a high level of volatiles after carbonization is observed. The next band in the 
spectra of the raw materials occurring at 2860 - 2970 cm-1, which can be assigned to the 
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CH alkyl functional groups, were also absent in the spectra of the biomass chars. The 
CH aromatic bands at 877 - 779 cm-1 were also weaker due to the deformation of the 
adjacent H. In addition, the intensity of the carboxyl group band at 1718 cm−1 decreased 
in all the bio-char samples, possibly due to the degradation of the cellulose components 
during pyrolysis. 
 
 
Figure 4.4b: FTIR spectra of bio-char 
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On the other hand, the FTIR spectral data indicate that the IR peaks of the produced 
chars at 2313 - 2330 cm-1 (C C) and 1586 - 1571.62 cm-1 (aromatic C=C) increased in 
intensity relative to those of the raw biomasses after the carbonization process. The 
cracking of volatiles (decrease in the OH and CH alkyl peaks) and the conversion of the 
aliphatic compounds into aromatic compounds in the char structure can explain these 
bands.  
 
The proximate analysis of the produced bio-chars was performed according to 
ASTMD7582-10, and the results are summarized in Figure 4.5. The moisture, volatiles, 
fixed-carbon and ash contents can be derived from the mass losses of the carboneous 
samples over the process time shown in Figure 4.5. It can be seen that all the samples 
undergo three main mass losses. The first occurs during heating from room temperature 
to 110 ◦C under a nitrogen atmosphere, which leads to complete dehydration and thus 
allows for the determination of the moisture content (up to 2300 s). Then the 
temperature is increased rapidly to 950 ◦C to determine the amount of volatile matter by 
measuring the mass loss after dehydration (between 2300 and 4700 s). Finally, the 
temperature was decreased to 650 ◦C, and the atmosphere was changed to oxygen gas to 
measure the mass loss during the oxidation stage, which corresponds to the carbon 
content (rapid decrease in the mass of all the samples). Ash constituted the mass 
remaining at the end of the analysis. Based on this figure, the trunk-based char has the 
highest volatile content, followed by the frond, palm leaf and rib samples. However, the 
last two had similar volatile matter contents. Thus, it can be concluded that a higher 
carbonization temperature is needed in the case of the trunk-based bio-char to improve 
the devolatilization. The leaf char sample had the highest fixed-carbon content, which 
was similar to that of the frond-based sample, while the rib and trunk samples had much 
lower fixed-carbon contents. The ash content of all the samples is similarly low except 
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in the case of the rib sample, which contained a very high amount of ash after 
carbonization.  
 
 
Figure 4.5: Mass loss behavior of the produced bio-chars over time under nitrogen 
and then oxygen heating 
 
 
The results of ultimate analysis of bio-char are listed in Table 4.6. The HHV of the 
produced bio-chars are also given in this table. Carbon, as the main element in all of the 
produced bio-chars (49-72 wt%), is present in significantly greater amounts in the bio-
chars than in the dried biomasses, except for the palm leaf sample, which had similar 
amounts of carbon and oxygen before and after pyrolysis (see Table 4.3). In comparison 
to the raw biomasses, the O and H contents decrease in all the bio-char samples due to 
dehydration and decarbonylation/decarboxylation reactions, which is consistent with the 
FTIR results (Figure 4.4b). The largest decrease in the O and H contents is observed for 
the palm leaf sample, which was found to have the second highest devolatilization 
Time (s) 
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percentage (approximately 57%) in the proximate analysis. Although the palm leaf rib 
exhibited the highest devolatilization (approximately 62%) during pyrolysis, possibly 
due to its high ash content in the produced bio-char, the amount of carbon and oxygen 
did not change considerably. The hydrogen content decreases in all the samples, 
probably due to the aromatization of the bio-char and evolution of H2 as light molecular 
hydrocarbons (CH4 and C2) were formed during the pyrolysis process (Yang et al., 
2007).  
 
The HHV of the bio-char samples calculated using Eq. 4.5 is highly dependent on the 
hydrogen and carbon contents of the samples. As long as all the bio-char samples have 
similar hydrogen contents (2-3%), the amount of carbon plays an important role in the 
determination of HHV. Thus, similarly to the carbon content, HHV also follows the 
order of palm leaf > frond > trunk > palm leaf rib. With the exception of the palm leaf 
rib sample with a low HHV, the other bio-char samples have HHV values comparable 
to those of some coals and are therefore acceptable for use as a renewable solid fuel 
(Akkaya, 2009; Bilgen & Kaygusuz, 2008). The low level of nitrogen content in the 
bio-char samples also indicates that these samples produce low levels of NOx emissions 
during the combustion process. 
 
Figure 4.6 presents the SEM pictures of the raw biomasses and their bio-chars obtained 
after pyrolysis. It is clear in all the images that the pyrolysis of the biomasses allows the 
evolved volatile compounds to escape from the inside of the raw materials. 
Consequently, more void space and higher porosity are detectable on the surface of the 
bio-chars, which have higher surface areas than the raw materials. The images of the 
bio-chars show the heterogeneity of their surfaces with mesopores that can be useful in 
many liquid-solid adsorption processes (Mohan et al., 2011). As shown in Figure 4.6, 
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the primary surface structures changed during the carbonization and devolatilization 
processes.  
 
 
 
Figure 4.6: SEM photographs of a. trunk, b. trunk bio-char, c. frond, d. frond bio-
char, e. leaf, f. leaf bio-char, g. rib, h. rib bio-char 
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Spherical structures on the surface of the trunk (Figure 4.6a) were transformed into open 
cells after carbonization (Figure 4.6b), while the amorphous structure of the frond 
(Figure 4.6c) allowed for the formation of open channels after devolatilization (Figure 
4.6d). Partly open channels and larger pores in the palm leaf and palm leaf rib bio-chars 
(Figures 4.6f and 4.6h) are also observed after pyrolysis of the amorphous raw 
biomasses (Figures 4.6e and 4.6g). 
 
4.4 Conclusions 
All of the residues that came from oil palm plantation activities have been successfully 
pyrolyzed to produce bio-oil and bio-char using a reaction temperature of 500 °C, a 
nitrogen flow rate of 2 L/min and a reaction time of 60 min. Different proportions of the 
products have been clearly observed in this study and are mainly caused by the different 
amounts of cellulose, hemicellulose, lignin, volatile matter, fixed carbon, and ash in the 
samples. The HHV of the upper layer of the bio-oils was found to range from 9.52 to 
15.41 MJ/kg, while the HHV of the bottom layer was higher (approximately 14.83 - 
25.03 MJ/kg). However, further efforts to improve the quality of the bio-oil must be 
performed prior to its use as an alternative fuel. The improvement can be performed 
through the catalytic cracking or hydrodeoxygenation process. Furthermore, most of the 
bio-char samples have HHV that are comparable to those of some coals and are thus 
acceptable for use as a renewable solid fuel. They also have low levels of NOx 
emissions during the combustion process. In addition, the SEM images showed that the 
pyrolysis of the biomasses allows the evolved volatile compounds to escape from the 
inside of the raw materials and consequently increases the porosity of the surface of the 
produced bio-chars. 
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CHAPTER V 
PYROLYSIS OF MIXTURES OF PALM SHELL AND POLYSTYRENE: AN 
OPTIONAL METHOD TO PRODUCE A HIGH-GRADE OF PYROLYSIS OIL 
 
 
5.1 Introduction 
The decrease in non-renewable energy resources such as coal, petroleum, and natural 
gas has encouraged research to develop new approaches to find or create renewable fuel 
from biomass. The biomass can be converted into a liquid product that can potentially 
be used for fuel through pyrolysis, gasification, and combustion. Amongst them, 
pyrolysis was selected as the most appropriate technology because it is able to convert 
75 wt% of the total biomass into liquid form (Bridgwater, 2006). Unlike fossil fuels, use 
of this liquid has received positive comments as being a more environment-friendly fuel 
because it contributes minimally to the emission of greenhouse gases (Vitolo et al., 
1999). However, the liquid or pyrolysis oil contains high levels of oxygen, which causes 
low caloric value, corrosion problems and instability (Lu et al., 2009).  
 
Many studies have been undertaken to obtain a high-grade of pyrolysis oil that has low 
oxygen content and high caloric value. Catalytic cracking and hydrodeoxygenation 
(HDO) are the methods commonly used, which can cost more than the oil itself. 
Catalytic cracking is a method that involves the addition of a catalyst to the pyrolysis 
process. This method can be divided into two options: off-line catalytic cracking (using 
bio-oil as raw material) and on-line catalytic cracking (using pyrolysis vapors as raw 
material) (Hew et al., 2010). Zhang et al. (2007) have determined that catalytic cracking 
is a cheaper method than hydrodeoxgenation, but the results do not seem promising 
because of high coke production during the process (8–25 wt%) and the poor quality of 
the fuels obtained. Furthermore, HDO is an upgrading method suitable for converting 
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low-grade pyrolysis oil into hydrocarbons (Toba et al., 2011). This process has received 
a lot of attention because of the significant increase in hydrocarbon fuel obtained (Joshi 
& Lawal, 2012). However, the method is complex and costly because of the 
complicated equipment, need to add catalysts, and the high-pressure requirement for 
reaction. Thus, a new approach is necessary to overcome this cost. 
 
Simplicity and effectiveness are especially important in developing a method. The idea 
of biomass pyrolysis mixed with plastic waste is an optional method that shows promise 
of meeting these two criteria. In the pyrolysis process, the yield of oil obtained from 
incorporating plastic waste was higher than that obtained with biomass alone and it also 
had a higher caloric value, which comes from hydrocarbon polymers consisting of 
paraffins, isoparaffins, olefins, naphthenes and aromatics, and a non-condensable gas 
with a high calorie value (Panda et al., 2010). Therefore, the presence of plastic waste in 
biomass pyrolysis can make a positive contribution to the heating value and yield of oil 
through synergy. 
 
The main benefit of using this method is the volume of waste can be reduced 
significantly because more waste is consumed as feedstock. It also has the added 
benefits of reducing the landfill needed, decreasing the cost for waste treatment, and 
solving some environmental problems. Since disposing of the waste in landfill is 
becoming undesirable (Garforth et al., 2004), this method could be proposed as an 
alternative waste management procedure for the future that will have a significant 
impact on waste reduction and enhance energy security. 
 
Malaysia is a humid tropical country located in the central part of Southeast Asia with a 
total landmass of 329,847 km2 (Manaf et al., 2009). In 2007, about 20.32 % of the 
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landmass was being used for agriculture including oil palm, rubber, cocoa, paddy, 
coconut, pepper, flowers, coffee, sugarcane, tea, vegetables, tobacco and fruits (Goh et 
al., 2010; Mekhilef et al., 2011). During that year, about 93,598 ktons of biomass waste 
were produced, mostly from oil palm. Currently, the utilization of biomass waste 
generated from oil palm is not efficient. It is incinerated or dumped as organic fertilizer 
through natural decomposition (Qin Ng et al., 2012) or used to cover road surfaces in 
the plantation area (Abnisa et al., 2011), and only a fraction of it is burned for steam 
generation (Yang et al., 2004). Unsatisfactory practices also occur in the management of 
municipal solid waste (MSW). Currently, landfilling is the only method used to dispose 
of MSW in Malaysia (Manaf et al., 2009). This method results in leached contamination 
to the surface and groundwater, pest infestation and the emission of landfill gases such 
as methane (40–50%), and carbon dioxide (50%) (Fauziah & Agamuthu, 2012). In 
2001, the quantity of MSW was about 16,200 tons/day, which increased sharply up to 
19,100 tons/day in 2005 and is projected to be 30,000 tons/day in 2020 (Siwar, 2008). 
One study reported that about 24% of total MSW is plastic waste (Manaf et al., 2009). 
Improved management is necessary if the volume of waste in landfill sites is to be 
reduced. This need makes biomass pyrolysis mixed with plastic an attractive alternative 
way to solve the problems faced. 
 
In this work, pyrolysis of biomass and biomass mixed with plastic was carried out to 
produce pyrolysis oil. Palm shell was selected as representative of biomass and 
polystyrene was selected as representative of plastic waste. The collected results were 
compared to determine whether there was improvement in the quantity and quality of 
the oil product produced.  
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5.2 Materials and experimental procedure 
5.2.1 Materials 
Palm shell was selected for this work because it is one of the most plentiful biomass 
wastes available in Malaysia (5.2 million tons/year) (Mohammed et al., 2011). 
Polystyrene was selected as the plastic material because pyrolysis of polystyrene results 
in high oil yield with a quality close to that of petroleum-based oil (Ayhan, 2004; Kiran 
et al., 2000). Each year over 280,000 tons of this waste are generated in Malaysia 
(Mohammed, 2010). Palm shell was collected from a local processing plant in Kuala 
Lumpur; polystyrene waste was obtained from a local rubbish collection point. The 
palm shell was oven-dried at 105ºC for 24 h; the polystyrene was dried under the sun 
for several days. Then, both materials were ground and sieved to obtain the desired 
particle size of 1–2 mm. 
 
 
Figure 5.1: Schematic diagram of experimental setup for pyrolysis oil production 
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5.2.2 Experimental setup and procedures 
All pyrolysis experiments were conducted using a fixed-bed reactor made from stainless 
steel with an internal diameter of 5.0 cm and a length of 127 cm. The reactor was heated 
by an external vertical furnace. A series of condensers that maintained furnace 
temperature at the desired level ± 0.5ºC was installed to obtain the oil through gas 
condensation. The experimental setup is shown in Figure 5.1.  
 
The study was divided into two parts. The first part was pyrolysis of palm shell alone. 
About 150 g of palm shell was loaded into the reactor and pyrolyzed at 500ºC with a 
heating rate of 10 ºC/min. The reaction time of pyrolysis was maintained at 60 min. To 
minimize secondary reactions of vapors that cause decreases in oil yield (Açıkalın et al., 
2012), a 2 L/min nitrogen flow was applied. The second part was pyrolysis of palm 
shell mixed with polystyrene. The ratio of sample materials was set at 1:1. The 
processing parameters (temperature, nitrogen flow, and reaction time) were the same as 
in the previous experiment. Each experiment was repeated three times and the results 
were averaged. The oil yield of the resulting product was then calculated using Eq. 
(5.1). The equation can also be used to estimate the char produced as a byproduct 
resulting from the pyrolysis process.  
 
%100
feedTotal
productDesiredproductofYield 
    (5.1) 
 
5.2.3 Characterizations 
5.2.3.1 Characterization of raw materials 
Proximate analysis included moisture, fixed carbon, volatile matter, and ash in palm 
shell and polystyrene. In this study, the procedure for obtaining a proximate analysis 
was carried out according to ASTM standards described in the literature (Kalanatarifard 
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& Yang, 2012). The ultimate analysis of palm shell and polystyrene followed ASTM D-
5291 using a Model 2400 Perkin-Elmer Series II CHNS/O Analyzer. The amount of 
carbon, hydrogen, and nitrogen was determined using this method; the oxygen content 
was calculated by difference.  
 
5.2.3.2 Characterization of pyrolysis oil 
The pyrolysis oils were analyzed for viscosity, density, pH, water content, elemental 
analysis, FTIR, and GCMS. Viscosity was measured using a rotational viscometer 
equipped with an SC4-18 spindle (Brookfield Viscometer model DVII+ Pro EXTRA). 
A 25 mL pycnometer was used to determine the density of the pyrolysis oil. The pH 
was measured using a Methrom pH meter series 827 at 25ºC. Then, the water content of 
the pyrolysis oil was measured using a Karl Fischer 737 KF Coulometer from Metrohm. 
The elemental analysis was carried out using a Model 2400 Perkin-Elmer Series II 
CHNO/S Analyzer to determine C, H, and N. The oxygen content was determined by a 
difference. The obtained data from the elemental analysis were also used to calculate the 
high heating value (HHV). Eq. (5.2) was used to calculate the HHV of the pyrolysis oil 
produced from palm shell because the oxygen content in the oil was found to be greater 
than 15% (Buckley, 1991). The HHV of the pyrolysis oil derived from mixtures of palm 
shell and polystyrene was obtained by using Eq. (5.3).  
 
  S0941.0OO000720.0153.0H418.1C0.336  (MJ/kg) HHV   (5.2) 
 
1000
8
O - H1442.8  338.2C
 (MJ/kg) HHV




     (5.3) 
 
A Perkin Elmer FTIR spectrometer (Spectrum 400) was used to obtain an infrared 
absorption spectrum of the pyrolysis oil. The chemical compositions were determined 
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by gas chromatography/mass spectroscopy (GCMS). The analysis was performed with 
an Agilent Technologies 7890A gas chromatograph equipped with an Agilent 5975C 
mass-selective detector (mass spectrometer). High purity helium was used as the carrier 
gas at a constant flow rate of 1.0 mL/min. The Agilent HP-5 50 m column with an inner 
diameter of 0.32 mm and a film thickness of 0.25 µm was used in the GCMS. The 
analysis was started by heating the column at 50 °C and kept isothermal for 1 min, then 
ramped to 270°C at a rate of 7 °C/min. This condition was held for 10 min. The volume 
of sample injected was about 1 µL.  
 
Table 5.1: Proximate and ultimate analyses of palm shell and polystyrene 
Characteristics Palm shell Polystyrene 
Proximate analysis (wt%)   
 Moisture 4.7 0.25 
 Fixed carbon 13.2 0.12 
 Volatile 73.5 99.63 
 Ash 8.6 0.00 
    
Ultimate analysis (wt%)   
 C 49.74 91.34 
 H 5.32 7.80 
 N 0.08 0.34 
 O (by difference) 44.86 0.52 
 S 0.16 0 
 
5.3 Results and discussion  
5.3.1 Characteristics of the raw materials 
The proximate and ultimate analyses of the palm shell and polystyrene are given in 
Table 5.1. The result of the proximate analysis showed that the level of volatile 
compounds was high in both materials (73.5 wt% for palm shell and 99.63 wt% for 
polystyrene). Unlike palm shell, moisture and fixed carbon were very low in 
polystyrene. In addition, palm shell contained a small amount of ash while no ash was 
detected in the polystyrene. For the ultimate analysis, the oxygen content of the palm 
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shell was determined to be 44.86 wt%, significantly higher than that of the polystyrene 
(0.52 wt%). The higher oxygen content indicated that the palm shell had a lower caloric 
value.  
 
The TGA thermographs of palm shell and polystyrene at a heating rate 20 ºC/min are 
shown in Figure 5.2a. In this study, the TGA analysis helped to define the temperature 
at which degradation starts for each sample. The result showed that a temperature in the 
range of 350–430 ºC was effective for pyrolysis of polystyrene. Approximately 99% of 
the total weight was lost in this range. For the palm shell, a weight loss of more than 
60% was observed when temperatures reached 500 ºC. In this case the initial 
decomposition represents the degradation of hemicellulose and cellulose occurring at 
temperatures of 200–260 °C and 240–350 °C, respectively. Lignin was reported to be 
the most difficult component to decompose. Lignin decomposed slowly throughout the 
whole temperature range from 280 °C to 900 °C (Mahanim et al., 2011; Mohan et al., 
2006). These thermographs indicate that the pyrolysis process should occur above 300 
°C to gain the thermal degradation of the polystyrene and palm shell. In addition, as can 
be seen in Figure 5.2b, the DTG graph for the palm shell showed two distinct peaks 
between 250 °C and 450 °C, indicating that two main groups of reaction occur during 
the decomposition process. The first peak indicated the decomposition of hemicellulose 
and some of the lignin, while the second peak corresponded to the decomposition of 
cellulose and the remaining lignin (Font et al., 1991; Tsamba et al., 2006). 
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Figure 5.2a: TGA thermographs of palm shell and polystyrene 
 
 
Figure 5.2b: DTG graph of palm shell 
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5.3.2 Pyrolysis yields 
Figure 5.3 shows the product yields from pyrolysis of palm shell alone or palm shell 
mixed with polystyrene at 500ºC, a nitrogen flow rate of 2 L/min, and a reaction time of 
60 min. The amount of oil obtained was higher than the volume of the other products 
(char and non-condensable gases) in all of the pyrolysis experiments. This could be 
explained by the volatile content being high in both samples. This finding is in good 
agreement with the studies of Omar et al. and Islam et al., which stated that the high 
volatile content is favorable for the oil yield (Islam et al., 2008; Omar et al., 2011). 
Furthermore, the pyrolysis of palm shell mixed with polystyrene yielded about 15 wt% 
more oil than pyrolysis of palm shell alone, which also resulted in a decrease in char 
product as a consequence.  
 
Table 5.2: Distribution of products from co-pyrolysis of palm shell and polystyrene 
at different ratios 
Polystyrene in feed  
(%) 
Pyrolysis oil  
(wt%) 
Char  
(wt%) 
Non-condensable gases a 
(wt%) 
20 47.73 27.81 24.46 
30 49.93  23.22 26.85 
40 59.13 20.18 20.69 
a Calculated by difference 
 
To obtain a more accurate description of the effect of polystyrene on the oil yield in 
palm shell pyrolysis, some additional experiments were performed. The experiments 
included: pyrolysis of polystyrene alone and co-pyrolysis of palm shell mixed with 
polystyrene at ratios of 80:20, 70:30, and 60:40 (palm shell to polystyrene). The results 
showed that the pyrolysis of pure polystyrene produced oil, residue and non-
condensable gases in proportions of about 88.63 wt%, 9.22wt%, and 2.15 wt%, 
respectively. For comparison purpose, the product yields from co-pyrolysis of palm 
shell mixed with polystyrene are given in Table 5.2. As can be seen in the table, the 
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decrease in char yield was obvious when the mass weight of palm shell was reduced in 
the feed. In this regard, the lignin content of palm shell can be a reason for the char 
generated during pyrolysis. Mohan et al. noted that the presence of lignin in biomass 
favors the production of a high amount of char (Mohan et al., 2006).  
 
Unlike char production, reducing the palm shell in the feed resulted in an incremental 
increase in the yield of pyrolysis oil. In this case, the addition of polystyrene is playing 
an important role in the rise of oil production. As described in the literature, a synthetic 
polymer such as polystyrene is an excellent hydrogen source; hence, it could provide 
hydrogen during thermal co-processing with wood biomass, which can lead to an 
increase in liquid production (Brebu et al., 2010). Most of the liquid (about 60%) 
produced during the pyrolysis of polystyrene is contributed by the styrene compound 
(Karaduman, 2002), while cellulose is the major component responsible for liquid 
production in woody biomass (Qu et al., 2011).  
 
Figure 5.3: Product yields of pyrolysis 
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From this study, it can be seen that the addition of polystyrene during pyrolysis of palm 
shell has a significant influence on elevating the oil yield. The same trends during co-
pyrolysis of cellulose with polystyrene were observed by Rutkowski and Kubacki 
(2006). Their study reported that a significant enhancement in the liquid product 
generated was observed when the polystyrene content was at a higher ratio than the 
cellulose content. Their experiment was performed at a temperature of 500ºC, the 
heating rate was 5 ºC/min, and the reaction time was 60 min.  
 
In addition, the waste from tyre manufacture can also be used as an alternative mixing 
material with biomass to increase the oil fraction. Research into co-pyrolysis of sawdust 
mixed with tyre waste showed that the oil yield reached 45.0 wt%, 46.2 wt%, 47.0 wt% 
and 47.2 wt.% when tyre mass occupied 0%, 40%, 60% and 100% of the mixture, 
respectively. This work was done at 500ºC with a heating rate of 20 ºC/min and a 3.5 h 
reaction time (Cao et al., 2009).  
 
5.3.3 The properties and compositions of pyrolysis oil 
The physical and chemical properties of the pyrolysis oils are presented in Table 5.3, 
together with the properties of diesel oil, which were studied from literatures 
(Dmytryshyn et al., 2004; Ikura et al., 2003; Imam & Capareda, 2012). In this study, the 
measurements of viscosity shown are dynamic viscosity. The results indicated that the 
viscosity of the oil generated from pyrolysis of palm shell was lower than that of the 
blend. The high water content may be responsible for reducing the viscosity of the oil. 
Nolte and Liberatore (2010) carried out a study to observe how water content affected 
viscosity and acidity. According to their results, the water content in the oil was found 
to have a stronger effect on viscosity than acidity; thus, oils with greater water content 
had lower viscosities, making them easier to pump and atomize.  
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The analysis results show that the oils obtained in this study are acidic, with pH of 2.5 
and 2.7. The acidity is most likely caused by the presence of carboxylic acid, acetic 
acid, and formic acid (Pollard et al., 2012). The acidity makes the oil corrosive and 
difficult to use in engines, boilers, and refinery processing equipment. Aubin and Roy 
(1990) observed that the pyrolytic oil produced from wood was extremely corrosive at 
45 ºC, showing  high contents of acid (17.5 %) and water (55.7 wt%). Nevertheless, the 
acid compounds can be reduced to a very low level by using a hydrocracking process, as 
described by Elliott et al. (2009).  
 
Table 5.3: Physical and chemical properties of pyrolysis oils 
Properties  
Value 
Unit 
Palm shell 
Palm Shell/ 
polystyrene (50:50) 
Diesel 
Viscosity 3.20 at 50°C 6.71 at 50°C 3.50 at 40°C cP 
pH  2.5 2.7 - - 
Density 1051 at 24°C 1070 at 24°C 853 at 20°C kg/m3
Elemental composition:   
 C  19.48 84.02 86.6 wt% 
 H  8.92 7.63 13.1 wt% 
 N  0.2 0.53 0.004 wt% 
 O (by differences)  71.40 7.82 1.8 wt% 
 S 0.04 0.61 0.11  
High Heating Value (HHV)  11.94 38.01 45.5 MJ/kg 
Water content  53 2.4 <0.1 wt% 
 
 
The density of pyrolysis oil produced from pyrolysis of palm shell mixed with 
polystyrene (1070 kg/m3) was higher than that of oil produced from palm shell alone 
(1051 kg/m3). The densities of the obtained oils are higher than diesel by about 1.2-fold. 
Before pyrolysis, the original densities of the polystyrene and palm shell were shown to 
be about 1050 and 1462 kg/m3, respectively. It was noted that the conversion of palm 
shell and polystyrene mixtures into pyrolysis oil reduced the density of the wastes. This 
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means that the area needed for liquid storage is less than the area needed for a landfill 
site for the solid waste. 
 
The water content of each pyrolysis oil was obtained by using the Karl Fischer titration 
method. The results are presented in Table 5.3. A water content of approximately 53 
wt% was observed for pyrolysis oil from palm shell. High water content has also been 
observed for pyrolysis of pine sawdust (49.60 wt%), mesquite sawdust (67.60 wt%), 
and wheat shell (84.40 wt%) as reported by Bertero et al. (2012). Generally, pyrolysis of 
biomass results in a high water content in the liquid product. The high water content is 
undesirable because it could be detrimental to ignition and can cause the formation of 
rust in engines. Czernik et al. (1994) found that the water concentration can also be 
increased by long periods of time in storage. Their study showed that high temperature 
(60 ºC) was a suitable condition to increase water content during storage. In contrast, 
pyrolysis of palm shell mixed with polystyrene showed a significant reduction in water 
content (2.4 %) in this study. This reduction in water content was consistent with the 
results reported by Rotliwala & Parikh (2011). In that study, the co-pyrolysis of a 
deoiled cake of jatropha and waste commercial polyolefins resulted in a very low water 
content in the pyrolysis oil.  
 
Elemental analyses of the pyrolysis oils are shown in Table 5.3. The analyses showed 
that the contents of the two oils were very different. The pyrolysis oil from palm shell 
was found to be highly oxygenated (71.40 wt%). This high oxygen content reduced its 
energy density below that of the conventional fuel. Imam & Capareda (2012) reported 
that the oxygen content of diesel oil is very low, around 1.8 wt%. Furthermore, the 
amount of oxygen in the oil showed a linear relationship to the water content. The 
amount of oxygen can be easily predicted (low or high) once the amount of water has 
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been measured. Different researchers have tried several methods to eliminate the 
oxygen content and thus elevate the energy density of pyrolysis oil. In pyrolysis oil 
upgraded by high pressure thermal treatment, Mercader et al. (2010) showed that the 51 
wt% of oxygen in pine wood pyrolysis oil was reduced to 20 wt% using a continuous 
tubular reactor at a temperature of 350 ºC, a pressure of 240 bar, and residence time of 
3.4 min. Zhang et al. (2005) tried to eliminate oxygen in pyrolysis oil using a 500 mL 
autoclave filled with a sulfide Co–Mo–P catalyst and a solvent (tetralin as a hydrogen 
donor solvent). Their study showed that the pyrolysis oil yield obtained was about 59.59 
wt% and the oxygen content was significantly reduced from 41.8 wt% to 3 wt% under 
optimum conditions (temperature of 360 ºC, cold hydrogen pressure of 2.0 MPa, and 
reaction time of 30 min). However, both the study by Mercader et al. and that by Zhang 
et al. yielded results that are not economical and require additional work to prepare the 
catalyst. In this study, the co-pyrolysis of palm shell and polystyrene waste mixtures 
showed a significant reduction in oxygen, to about 7.82 wt%. This result was obtained 
with high oil yield and without additional hydrogen pressure, catalysts or solvents. 
 
The low oxygen content contributed to an elevated HHV (see Table 5.3). The HHV of 
the oil from pyrolysis of palm shell mixed with polystyrene was more than triple that 
from pyrolysis of palm shell alone. The HHV result proved that the oil from pyrolysis 
of palm shell mixed with polystyrene is close to that of conventional fuel oil (about 42–
44 MJ/kg). Also, it should be noted the oil has an energy content  about 83.5% that of 
diesel oil, which is higher than the typical value of oil from the pyrolysis of woody 
biomass (40%) that has been reported in the literature (Bridgwater & Peacocke, 2000).  
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Figure 5.4: IR spectra of the oils produced from pyrolysis of palm shell alone and 
palm shell/polystyrene 
 
 
Figure 5.4 shows the spectra of pyrolysis oils from FTIR analysis. The significant 
difference between the two oils was clearly observed for peaks in the range of 3200 and 
3600 cm-1, which indicated the presence of phenols and alcohols. The peaks also show 
the presence of oxygen in the oil, representative of O-H stretching vibrations. However, 
the peaks were observed clearly in the pyrolysis oil produced from palm shell. The 
strong peaks in the 730–770 cm-1 and 690–710 cm-1 ranges showed the presence of 
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aromatic compounds, represented by C-H bending vibrations. These peaks were 
observed in the oil produced from the blend of materials.  
 
Table 5.4 Compounds detected in obtained oil from pyrolysis of palm shell 
No. Compound Area % Group Formula 
1 Benzoic acid, 4-hydroxy- 2.59 Acid C7H6O3 
2 Benzoic acid, 4-hydroxy-3-methoxy- 3.96 Acid C8H8O4 
3 Hexadecanoic acid, methyl ester 0.25 Acid C17H34O2 
4 Furfural 3.61 Furan C5H4O2 
5 2-Propanone, 1-(4-hydroxy-3-methoxyphenyl)- 0.19 Ketone C10H12O3 
6 Phenol 47.53 Phenol C6H6O 
7 Phenol, 2,6-dimethoxy- 11.24 Phenol C8H10O3 
8 Phenol, 2-methoxy- 5.24 Phenol C7H8O2 
9 Phenol, 2-methoxy-4-methyl- 5.45 Phenol C8H10O2 
10 Phenol, 4-ethyl-2-methoxy- 3.18 Phenol C9H12O2 
11 Vanillin 0.15 Phenol C8H8O3 
12 .beta.-D-Glucopyranose, 1,6-anhydro- 0.73 Sugar C6H10O5 
13 D-Allose 2.51 Sugar C6H12O6 
 
 
The main purpose of GCMS analysis is to get an idea of the nature and types of 
compounds in the obtained oils. In this study, the detected compounds were identified 
by searching the MS library database; the results are listed in Table 5.4 and Table 5.5. 
However, since more than 100 peaks were detected, only the peaks with a high degree 
of probability (≥ 70%) and peak areas around or greater than 0.1% are included in the 
list. As can be seen in Table 5.4, the main chemical groups in the pyrolysis oil produced 
from palm shell include phenol, acid, sugar, ketone, and furan, which are typically the 
main primary products generated from biomass pyrolysis (Bertero et al., 2012; Lu et al., 
2009). Amongst them, the proportion of phenol was found to be the highest in the oil, 
accounting for about 72.79% of the total. The high level of phenol typically found in 
pyrolysis oils from woody biomass is mostly contributed by lignin contained in the 
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material (Mohan et al., 2006). In this study, the lignin component was found to be 
higher (around 44%) than that of cellulose (27.7%) or hemicellulose (21.6%).  
 
Table 5.5: Compounds detected in obtained oil from pyrolysis of mixtures of palm 
shell and polystyrene 
No. Compound Area % Group Formula 
1 1,1'-Biphenyl, 3-methyl- 0.19 Aromatics C13H12 
2 1,1'-Biphenyl, 4-pentyl- 0.26 Aromatics C14H12F2 
3 1H-Cyclopropa[l]phenanthrene,1a,9b-dihydro- 0.22 Aromatics C15H12 
4 3-Methyl-1-phenyl-1H-indene 1.49 Aromatics C16H14 
5 5H-Dibenzo[a,d]cyclohepten-5-one, 10,11-dihydro- 16.61 Aromatics C15H14 
6 6,7,8,9-Benzo[b]fluorene 1.14 Aromatics C17H16 
7 
7-Isopropenyl-1,4a-dimethyl-4,4a,5,6,7,8-hexahydro-
3H-naphthalen-2-one 
1.42 Aromatics C15H22O 
8 9,10-Dimethylanthracene 0.41 Aromatics C16H14 
9 Anthracene 1.08 Aromatics C14H10 
10 Anthracene, 9,10-dihydro- 0.57 Aromatics C14H12 
11 Anthracene, 9-ethyl-9,10-dihydro-10-methyl- 0.86 Aromatics C17H18 
12 Bibenzyl 5.86 Aromatics C14H14 
13 Biphenyl 0.59 Aromatics C12H10 
14 Naphthalene 0.36 Aromatics C10H8 
15 Naphthalene, 1-methyl- 0.16 Aromatics C11H10 
16 Naphthalene, 2-phenyl- 7.07 Aromatics C16H12 
17 Phenanthrene, 1,2-dihydro- 0.28 Aromatics C14H12 
18 p-Terphenyl 0.81 Aromatics C18H14 
19 Pyrene, 1-methyl- 0.21 Aromatics C17H12 
20 .alpha.-Methylstyrene 1.51 Benzene C9H10 
21 1,2-Diphenylcyclopropane 5.11 Benzene C15H14 
22 1,3-Butadiene, 1,4-diphenyl-, (E,E)- 2.62 Benzene C16H14 
23 1H-Indene, 2-phenyl- 1.09 Benzene C15H12 
24 2,5-Diphenyl-1,5-hexadiene 4.31 Benzene C18H18 
25 3,5-Cyclohexadiene-1,2-dione, 3,4,5,6-tetrachloro- 0.24 Benzene C6Cl4O2 
26 4-Ethylbiphenyl 0.20 Benzene C14H14 
27 Benzaldehyde 0.14 Benzene C7H6O 
28 Benzene, (1-methylene-2-propenyl)- 0.22 Benzene C10H10 
29 Benzene, (1-methylenebutyl)- 0.16 Benzene C11H14 
30 Benzene, (1-methylenepropyl)- 0.63 Benzene C10H12 
31 Benzene, (2-methylene-1-phenylcyclopropyl)- 0.42 Benzene C16H14 
32 Benzene, 1,1'-(1,3-butadienylidene)bis- 1.49 Benzene C16H14 
33 Benzene, 1,1'-(1,3-propanediyl)bis- 2.96 Benzene C15H16 
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34 Benzene, 1,1'-(1-methyl-1,2-ethanediyl)bis- 3.19 Benzene C15H16 
35 Bicyclo[4.2.0]octa-1,3,5-triene 0.17 Benzene C8H8 
36 Dibenzo[a,e]cyclooctene 1.28 Benzene C16H12 
37 Ethylene, 1,1-diphenyl- 0.54 Benzene C14H12 
38 Styrene 6.13 Benzene C8H8 
39 Diphenylmethane 0.59 Benzene C13H12 
40 Benzhydryl isothiocyanate 0.10 Benzhydryl C14H11NS 
41 Bis(2-ethylhexyl) phthalate 0.20 Ester C24H38O4 
42 Di-n-octyl phthalate 0.11 Ester C24H38O4 
43 Furfural 0.52 Furan C5H4O2 
44 2',6'-Dihydroxyacetophenone 0.27 Ketone C8H8O3 
45 Phenol 5.37 Phenol C6H6O 
46 Phenol, 2,6-dimethoxy- 0.67 Phenol C8H10O3 
47 Phenol, 2-methoxy- 0.55 Phenol C7H8O2 
48 Phenol, 2-methoxy-4-methyl- 0.51 Phenol C8H10O2 
49 Phenol, 2-methyl- 0.36 Phenol C7H8O 
50 Phenol, 4-ethyl-2-methoxy- 0.30 Phenol C9H12O2 
51 Phenol, 4-methyl- 0.51 Phenol C7H8O 
52 Ethisterone 8.62 Progestogen C21H28O2 
 
 
Furthermore, the results of GCMS analysis for the oil produced from blend materials are 
presented in Table 5.5. The results show that the quantity of phenol groups in the oil 
was reduced (around 8.27%), while compounds consisting entyrely of hydrogen and 
carbon were identified as abundant in the oil. This indicates that the oil can potentially 
be used as a combustible fuel source. The hydrocarbon groups in the oil were mostly 
found in the form of aromatics and benzene, with percent areas of 39.59% and 32.99%, 
respectively. In addition, the finding by GCMS analysis is in good agreement with the 
result of FTIR analysis.  
 
5.4 The energy potential from pyrolysis oils 
The energy potential was calculated based on the total amount of polystyrene waste 
available in Malaysia (280,000 tons/year). The amount of the waste was established as a 
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50% ratio. So, the total quantity of wastes that can be used for production of pyrolysis 
oil is: 
Total feedstock (A) = 50% ratio of polystyrene + 50% ratio of palm shell 
   = 280,000 + 280,000 = 560,000 tons/year 
 
As shown in Figure 5.3, the oil obtained by pyrolysis of palm shell mixed with 
polystyrene accounted for 61.63 wt% of the raw materials. Therefore, the total pyrolysis 
oil that can be produced per year through the pyrolysis process is: 
Total of pyrolysis oil yield (B) = A × 61.63 wt% 
      = 560,000 × 61.63 wt% = 345,128 tons/year 
 
As shown in Table 5.3, the oil from pyrolysis of palm shell mixed with polystyrene has 
a HHV of 38.01 MJ/kg. The total amount of pyrolysis oil is equal to 345,128,000 
kg/year. Hence, the total energy contained in the oil is: 
Energy contained in oil = B x HHV of oil  
   = 345,128,000 x 38.01 = 13,118,315,280 MJ/year  
= 13.12 PJ/year 
 
A comparison of potential energies from different pyrolysis oils is given in Table 5.6. 
The use of palm shell waste as a source of biomass energy by producing pyrolysis oil 
has the potential to contribute 3.08 PJ/year to Malaysia's energy supply. This number 
increases to 13.12 PJ/year when polystyrene waste is included in the palm shell 
pyrolysis.  
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Table 5.6: Projection of energy potential from pyrolysis oils 
Type of sample Feedstock (tons/year) 
Liquid Yield 
(kg/year) 
HHV 
(MJ/year) 
HHV 
(PJ/year) 
Palm shell 560,000 258,328,000 3,084,436,320 3.08 
Palm shell/polystyrene 560,000 345,128,000 13,118,315,280 13.12 
 
 
5.5 Conclusions 
This study has shown that pyrolysis of palm shell mixed with polystyrene waste has the 
potential to be a suitable method for producing high-grade pyrolysis oil that has a high 
liquid yield (61.63 wt%). This quantity of oil was obtained with a process temperature 
of 500 ºC, a reaction time of 60 min, a N2 flow rate of 2 L/min, and without any 
catalysts or solvents. The oxygen content was significantly changed from 71.40 wt% to 
7.82 wt% without any change in parameter settings and free of hydrogen pressure. The 
synergistic effect in the pyrolysis of the palm shell/polystyrene mixtures also plays an 
important role in increasing the HHV of the liquid. Therefore, this method can be 
considered a simple, cheap, and effective procedure to obtain high-grade pyrolysis oil. 
In addition, by using this method, the volume of palm shell and polystyrene wastes is 
easy to control. Using these wastes to produce pyrolysis oil could contribute to reducing 
the landfill needed, decreasing the cost for waste treatment, and solving some 
environmental problems. Furthermore, it can also be noted that this is an optional 
solution to increase energy security in Malaysia. 
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CHAPTER VI 
CO-PYROLYSIS OF PALM SHELL AND POLYSTYRENE WASTE 
MIXTURES TO SYNTHESIS LIQUID FUEL: AN OPTIMIZATION STUDY 
 
6.1 Introduction 
The use of palm shell and polystyrene wastes for recovery of liquid fuel by co-pyrolysis 
is the key to overcoming environmental problems stemming from the high volume of 
palm shell waste generated by the oil palm industry. In 2007, a study reported that the 
amount is about 4.7 million tons (Sumathi et al., 2008) and then sharply increased up to 
5.2 million tons in 2009 as reported by Mohammed et al (2011). Most often it is left to 
decompose naturally, with only a fraction of it used to cover road surfaces in the 
plantation area or burned for steam generation (Abnisa et al., 2011; Yang et al., 2004).  
 
Furthermore, a study estimated that well over 280,000 tons of waste polystyrene is 
produced annually in Malaysia, most of it by food packagers (Mohammed, 2010). The 
volume of polyethylene waste has increased as the product gets wider use because of its 
light weight, durability, and low cost (Panda et al., 2010). Currently most of this waste 
is dumped in landfill sites, which will pose environmental and social problems as 
volumes accumulate (Manaf et al., 2009). Because polystyrene waste is not 
biodegradable, dumping in the landfill site is not an environmentally friendly option. 
This study investigates the possibility of producing liquid fuel by co-pyrolysis of this 
waste material with the palm shell waste that is also causing environmental concerns. 
 
Pyrolysis is one method used to recover potential energy in biomass and plastic wastes. 
This method is useful to break down the waste materials into three products; char, 
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liquid, and gas in an inert environment. Pyrolysis is known to be an environmentally 
friendly method because no wastes are produced during the process.  
 
The liquid is attractive because its properties show its potential for use as chemical 
feedstock or fuel. A number of studies of liquid fuel production have been reported at 
various scales and with varying success (Ali & Siddiqui, 2005; Luo et al., 2004; Singh 
& Shadangi, 2011).  
 
The yield of liquid from co-pyrolysis depends on the relationship of parameters set in 
the process. An optimization study was needed to adjust the parameters to maximize the 
production of liquid. One of the methods used to solve the optimization problem is to 
apply response surface methodology (RSM). The method is a statistical approach to 
analysis of the relationship between several selected variables and one or more defined 
responses (Baş & Boyacı, 2007). RSM can include designing experiments from the 
collection of statistical techniques, building models, evaluating the effects of variables, 
and searching for the optimum conditions of variables for desirable responses (Su et al., 
2009). The RSM has been widely used in optimization of pyrolysis process variables for 
several purposes (Abnisa et al., 2011; Arami-Niya et al., 2011; Ellens & Brown, 2012; 
Isa et al., 2011; Tan et al., 2008). 
 
In general, plastic has been recognized by many researchers as a good material to 
produce liquid fuel. Some studies showed that the pyrolysis of plastic resulted in high 
oil yield, particularly with polystyrene (Ayhan, 2004; Kaminsky et al., 2004; Kiran et 
al., 2000; Liu et al., 2000; López et al., 2011b). The authors also reported that the 
quality of the oil was acceptable for use as a fuel. It mainly consisted of aliphatic and 
aromatic hydrocarbons. Aliphatic hydrocarbons include alkadienes, alkenes (paraffin, 
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olefins) and alkanes (methane, ethane, heptane, octane, propane). Aromatic 
hydrocarbons include styrene, toluene, benzene, cumene, ethylbenzene, monocyclic 
aromatics (alkyl benzenes, alkyl toluene) and polycyclic aromatics (naphthalene, 
methylnaphthalene and ethylnaphthalene). On the other hand, the oil produced from 
biomass is found to contain high amounts of oxygen (35-40 wt%) and water (15-50 
wt%) (Bridgwater, 2012), which causes the liquid to have a low high heating value 
(HHV). Typically, the HHV of oil from biomass has been approximately 17 MJ/kg. In 
comparison, the oil produced from plastics has shown a HHV in the range of 37-40 
MJ/kg (Onwudili et al., 2009).  
 
In this work, co-pyrolysis of palm shell mixed with polystyrene waste was carried out to 
evaluate the yield and quality of liquid produced. The mass ratio between palm shell 
and polystyrene waste, temperature, and reaction time were chosen as independent 
variables. The process was optimized by using response surface methodology with the 
aim of maximizing liquid yield. The liquid obtained was tested for pH, density, 
viscosity, water content, elemental analysis, and Fourier transform infrared (FTIR). 
 
6.2 Materials and Experimental 
6.2.1 Materials  
The palm shell was collected from a local processing plant in Kuala Lumpur. The 
polystyrene waste was obtained from a local rubbish collection point. The palm shells 
were oven-dried at 105 ºC for 24 h; the polystyrene was dried under the sun for several 
days. Then, both materials were ground to the desired size of 1-2 mm. 
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6.2.2 Experimental 
The experiment was carried out by charging 100 g of feed into a stainless steel tubular 
reactor with an internal diameter of 5.0 cm and a length of 127 cm. The reactor was 
heated by an external vertical furnace. The temperature was monitored using a K-type 
thermocouple located inside the reactor. To minimize secondary reactions during the 
process, 2 L/min of nitrogen flow was applied for all experiments. The process flow of 
experimental work was presented in Figure 6.1.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1: Process flow for the recovery of liquid fuel by co-pyrolysis of palm shell 
and polystyrene waste mixtures 
 
 
6.2.2.1 Screening point of parameters  
The aims of the screening study were to obtain the reference data that were used later 
for the optimization study and also to observe the effect of each parameter on 
production of the liquid during co-pyrolysis. Three effective parameters were applied in 
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this study with each parameter being evaluated at five different points. Each point was 
investigated to select the points that produced the largest volume of pyrolytic liquid.  
 
Table 6.1: Specification of variables and the experimental domain 
Variables 
Experimental domain 
(-1)-level 0-level (+1)-level 
A: Temperature (ºC) 400 500 600 
B: Ratio of palm shell/polystyrene (%) 60:40 50:50 40:60 
C: Reaction time (min) 15 30 45 
 
 
Table 6.2: The CCD matrix of experimental and yield response 
The different markings in run order mean (a) center point, (b) factorial design, and (c) 
axial point. 
 
 
Run 
Actual variables  Coded levels   Response 
Temperatur
e (oC) 
Ratio (palm 
shell: 
polystyrene) 
Reaction 
time (min) 
 
A B C 
 
Liquid Yield 
(wt%) 
1a 500 50:50 30  0 0 0  61.2 
2b 400 40:60 15  -1 1 -1  60.8 
3b 600 60:40 45  1 -1 1  57.2 
4c 500 60:40 30  0 -1 0  56.6 
5a 500 50:50 30  0 0 0  61.2 
6b 400 60:40 15  -1 -1 -1  50.2 
7b 600 40:60 45  1 1 1  68.3 
8c 400 50:50 30  -1 0 0  60.8 
9c 500 50:50 45  0 0 1  61.3 
10b 400 40:60 45  -1 1 1  62.9 
11a 500 50:50 30  0 0 0  61.1 
12a 500 50:50 30  0 0 0  61.3 
13a 500 50:50 30  0 0 0  61.3 
14c 500 40:60 30  0 1 0  64.1 
15a 500 50:50 30  0 0 0  61.3 
16b 600 60:40 15  1 -1 -1  55.2 
17b 400 60:40 45  -1 -1 1  55.3 
18c 500 50:50 15  0 0 -1  56.9 
19c 600 50:50 30  1 0 0  62.2 
20b 600 40:60 15  1 1 -1  64.1 
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The study was divided into several parts. The first part was to study the influence of 
reaction time on co-pyrolysis yields by applying the fixed parameters of feed ratio 
(50:50) and temperature (400 ºC). The reaction times were varied from 15 to 75 min.  
The second stage was to obtain the temperature effect. With the feed ratio fixed at 50:50 
and reaction time constant at 30 min, the temperatures were varied in 100 °C increments 
from 300, to 700 ºC.  
 
The same procedure was followed to study the effect of feed ratio. The ratios of palm 
shell waste to polystyrene chosen were 80:20, 70:30, 60:40, 50:50 and 40:60. The yields 
of pyrolytic liquid, char, and non-condensable gas for all the experiments were 
calculated using Eq. 6.1. 
 
%100
feedTotal
productDesiredproductofYield      (6.1) 
 
 
6.2.2.2 Optimization study 
The three points of each parameter that produced the highest yield of pyrolytic liquid 
were chosen for the optimization study. This study was designed to identify the 
variables that have the largest influence on the process and then develop the variables in 
the polynomial model. Therefore, RSM was used to determine the optimum and 
experimental design matrix in this study specified according to the central composite 
design (CCD) method. The variables and the experimental domain in this design are 
specified in Table 6.1. The CCD consists of axial points (2n), the number of 
independent variables (2n) and replications of center points (nc). Thus, the CCD in this 
study consists of 2n = 6, 2n = 8 and nc = 6, resulting in 20 experiments. The CCD matrix 
for varying 3 variables was constructed in Table 6.2. All experiments were performed 
randomly to reduce the effect of unexplainable variance in the observed response caused 
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by unrelated variables. After running the experiments, the results were fitted to a 
quadratic polynomial model to predict the system response as given in Eq. 6.2.  
 

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where Y is the predicted response; n is the number of experiments; βo, βi, βii and βij are 
regression coefficients for the constant, linear, quadratic and interaction coefficients, 
respectively; and Xi and Xj are the coded independent factors.  
In this study, Design Expert software Version 8.0.0 (Stat-Ease, Inc., Minneapolis, USA) 
was used to design the experiments, do the analysis of variance (ANOVA) which 
includes the development of the quadratic model, and do the regression analysis and 
graphical analysis (three-dimensional response surface). 
 
6.2.2.3 Characterization of pyrolytic liquid 
The liquid products were produced with the optimum parameters conditions were 
characterized for viscosity, density, pH, water content, elemental analysis, and FTIR.  
 
Viscosity is an important property in chemical process design. Viscosity data are 
essential for various heat transfer considerations, calculating pressure drop, distillation 
calculations and mixing system considerations. For fuels, viscosity data are used to 
evaluate the effect on pumping and injecting. In this study, measurement of viscosity 
was determined using a rotational viscometer equipped with an SC4-18 spindle 
(Brookfield Viscometer model DV-II+Pro EXTRA). The measurement was taken at 50 
ºC with about 7 ml of sample required for the test.  
 
One of the important physical characteristic of a material is density. Density describes 
the quantity of mass material divided by its volume. In this study, a 25 ml pycnometer 
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was used to determine the density of the pyrolytic liquid. The measurement was started 
by carefully filling the liquid into the pycnometer and then measuring the mass. The 
density was determined by dividing the mass of pyrolytic liquid by the empty volume of 
the pycnometer. The analysis was conducted at 24 ºC. The density calculation can be 
expressed by Eq. 6.3 where ρ is density, m is the mass of sample, and V is the volume. 
 
ρ = m / V         (6.3) 
 
The testing of acidity or basicity in the pyrolytic liquid was indicated through pH 
measurement. The pH measurement is necessary in many chemical processes such as 
for adjustment of the chemical reaction and to avoid corrosion problems. In this study, 
the pH was measured using a Metrohm pH meter series 827 at 25 ºC.  
 
Water content is one of the unexpected presences in the pyrolytic liquid. The water 
content of the pyrolytic liquid was measured using a Karl Fischer 737 KF Coulometer 
from Metrohm. About 80 ml of Hydranal-coulomat AG was used as anolyte reagent and 
5 ml of Hydranal-coulomat CG was used as catholyte reagent. Approximately 2-6 mg of 
pyrolytic liquid was injected trough a titration cell into a flask. When the titration is 
completed, the instrument beeps 1 time and shows water content as either a percentage 
(%) or in ppm of water on the display panel. 
 
Elemental analysis is a combustion analysis technique to determine the mass fractions 
of carbon, hydrogen, nitrogen, and heteroatoms of a sample. The data analysis is helpful 
in identifying unknown compounds or to verify the structure and purity of a synthesized 
compound. The elemental analysis were carried out using a Model 2400 Perkin-Elmer 
Series II CHNS/O Analyzer to determine C, H, N, and S. The oxygen content was 
determined by a difference.  
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The data obtained from elemental analysis were also used for calculating the HHV. 
HHV describes the quantity of energy that is released as heat by complete combustion 
of a compound, assuming the water contained in the sample and that generated from the 
combined hydrogen remains in liquid form (Añón et al., 1995). In this study, the HHV 
of pyrolytic liquid was calculated from elemental analysis using the equation given by 
Friedl et al. (2005) that specifically designed for biomass fuels. 
 
20,600131NH51.2C2230H-C2323.55C (kJ/kg) HHV 2   (6.4) 
 
A Perkin Elmer FTIR spectrometer (Spectrum 400) was used to obtain an infrared 
spectrum of absorption in the pyrolytic liquid. The samples were scanned in the range of 
400 to 4000 cm- 1 with a resolution of 4 cm-1. FTIR analysis is a technique that is useful 
for characterization of organic (including polymer) and inorganic compounds. The 
result of FTIR provides information about the types of chemical bonds (functional 
groups) and molecular structure.  
 
6.3 Results and Discussion 
6.3.1 Screening study on parameter process 
6.3.1.1 Influence of reaction time on oil yield. 
Reaction times of 15, 30, 45, 60, and 75 min at temperature 400 °C and a 50:50 ratio of 
palm shell waste to polystyrene were studied in this experiment. The effect of using 
different reaction times on the yield of the liquid from co-pyrolysis of palm shell and 
polystyrene is represented in Figure 6.2a. The maximum oil yield of 61.6 wt% was 
obtained at a reaction time of 45 min. This liquid yield is greater than that obtained from 
a previous study in which the oil yield was 46.1 wt% at 500 °C and a reaction time of 
60 min for the pyrolysis of palm shell alone (Abnisa et al., 2011). The initial weight of 
liquid was 56.1 wt%, obtained at a reaction time of 15 min. This percentage increased as 
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reaction time was increased to 45 min. Further increment of reaction time caused a 
decrease in the yield of liquid product. Non-condensable gas output, however, increased 
slightly with increasing reaction time. These variations in the liquid and non-
condensable gas yields can be explained due to the secondary reactions of pyrolysis 
vapors generating lower-molecular-weight non-condensable gaseous products as the 
reaction time increases (Açıkalın et al., 2012). These results are in agreement with the 
work of Paradela et al. (2009), who studied the slow batch pyrolysis of mixtures of 
plastics, tyres, and forestry biomass wastes. 
 
6.3.1.2 Influence of temperature on oil yield. 
The temperatures of 300, 400, 500, 600 and 700 °C were studied with reaction time 
fixed at 30 min and a 50:50 ratio of palm shell waste to polystyrene. Figure 6.2b shows 
the maximum oil yield at different temperatures.  
 
This study suggests that no significant decomposition occurred at 300 °C. The oil yield 
shows a significant increase after the pyrolysis temperature reached 400 °C and beyond. 
This may be explained trough thermal decomposition of the polystyrene. As mentioned 
by R.S. Chauhan et al. (2008), the decomposition of polystyrene occurred at 
temperatures of 350 °C and above. From this, we concluded that the contribution of 
polystyrene in co-pyrolysis of biomass can be achieved above 350 °C. 
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Figure 6.2: The product yields with respect to (a) different reaction time at 
constant temperature of 400°C and 50:50 palm shell to polystyrene ratio, (b) 
different temperature with 30 min reaction time and 50:50 palm shell to 
polystyrene ratio, (c) different polystyrene percentage in feed at constant 
temperature of 400°C and reaction time of 30 min 
 
a 
b 
c 
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Unlike polystyrene, the thermal decomposition of palm shell starts above 220 °C. The 
material components start to decompose at 220–320 °C for hemicellulose, 320–370 °C 
for cellulose, and 320–500 °C for lignin (Hardy et al., 2012). As described in the 
literature, the decomposition of hemicellulose and cellulose mostly contributed to the 
formation of liquid (Akhtar & Amin, 2012), while the decomposition of lignin is found 
to be the main contributor to the final char weight (Williams & Besler, 1993). In this 
study, the palm shell composes of 27.7 % cellulose, 21.6 % hemicellulose, and 44 % 
lignin.  
 
6.3.1.3 Influence of palm shell waste to polystyrene ratio on oil yield.  
The ratio of palm shell to polystyrene waste in the feed were varied at 80:20, 70:30, 
60:40, 50:50 and 40:60 with both temperature and reaction time kept constant at 400 °C 
and 30 min, respectively. Figure 6.2c show that a higher percentage of polystyrene in 
the feed resulted in a higher oil yield. The oil yield increases with the decrease of the 
gaseous product. The maximum oil yield obtained was 64.2 wt% at the 40:60 palm shell 
to polystyrene waste ratio. The presence of polystyrene could provide more 
hydrocarbons during co-pyrolysis with palm shell and can lead to an increase of liquid 
production. 
 
6.3.2 Optimization study on parameter process 
6.3.2.1 Development and evaluation of model 
The results from the screening study showed that the high liquid yields were obtained in 
the temperature range of 400 to 600°C, reaction time of 15 to 45 min and palm 
shell/polystyrene ratio of 40:60 to 60:40. All of the result data were input to the Design 
Expert software to generate the 20-experiment design matrix for the optimization study. 
The results from 20 experiments showed that the liquid yield varied from 50.2 wt% to 
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68.3 wt%. Then, all results were used to develop a coded factor model of the pyrolytic 
liquid yield. The coded factor model developed to fit a polynomial model is represented 
in Eq. 6.5, where Y is yield of pyrolytic liquid, A is temperature, B is ratio, and C is 
reaction time. 
 
Table 6.3: ANOVA for response surface quadratic model 
Source 
Sum of 
Squares 
(SS) 
Degree of 
Freedom 
(df) 
Mean 
Square F-Value 
p-value 
Prob > F Remarks 
Model 289.234 9 32.137 38.758 < 0.0001 significant 
  A-Temperature 28.900 1 28.900 34.854 0.0002 
  B-Ratio 208.849 1 208.849 251.874 < 0.0001 
  C-Reaction Time 31.684 1 31.684 38.211 0.0001 
  AB 0.405 1 0.405 0.488 0.5006 
  AC 0.125 1 0.125 0.151 0.7060 
  BC 0.080 1 0.080 0.096 0.7625 
  A2 0.818 1 0.818 0.987 0.3440 
  B2 1.005 1 1.005 1.212 0.2967 
  C2 9.458 1 9.458 11.407 0.0070 
Residual 8.292 10 0.829 
Lack of Fit 8.258 5 1.652 247.755 < 0.0001 significant 
Pure Error 0.033 5 0.007 
Cor Total 297.526 19 
R2 = 0.972; Adjusted R2 = 0.947; Q2 = 0.610; Adeq Precision = 25.004; PRESS = 
116.01. 
 
 
)1.85(C-) 0.60(B-       
)0.55(A)0.100(B)(C-0.12(A)(C)-       
0.22(A)(B)1.78(C)4.57(B)+1.70(A)+61.12
22
2
Y


   (6.5) 
 
The results of ANOVA were summarized in Table 6.3. The analysis showed that the p-
value (less than 0.05) as a statistic test indicated that the model terms are significant. In 
this case, A, B, C, and C2 are significant model terms. The parameter having the most 
significant effect on pyrolytic liquid yield is the ratio (B) since the p-value of B is the 
142 
 
smallest in value compared to other conditions. The results obtained in the screening 
study support this finding. Yield increased from 43.8 wt% at the palm shell to 
polystyrene waste ratio of 80:20 to 64.2 wt% at the 40:60 ratio. The same trends also 
occurred at flash co-pyrolysis of the mixtures of willow-Salix and polyhydroxybutyrate 
(PHB) that were studied by Cornelissen et al (2008a). Their study reported that the 
significant enhancement of liquid product was observed when PHB was at a higher ratio 
than willow. Furthermore, the model developed also shows a high determination 
coefficient of R2 (0.972), indicating a close fit of the model to the actual data. R2 can be 
calculated using Eq. 6.6. The actual value represents the response data from the 
experiment; the predicted value represents the value obtained from the model.  
 
)SS/(SSSS  R residelresid  mod2 1      (6.6) 
 
Another analysis to evaluate the fit of a model is Q2. The Q2 describes how well the 
response can be predicted in the model. The Q2 can be calculated using PRESS (the 
prediction residual sum of squares) following Eq. 6.7. In this study, Q2 was 0.610. 
Generally, a Q2 > 0.5 is regarded as good and a Q2 > 0.9 as excellent (Eriksson et al., 
2006).  
 
)(1 mod
2 )SSPRESS/(SS  Q residel       (6.7) 
 
 
6.3.2.3 Three-dimensional response surfaces and interpretation of optimization 
plot. 
Based on the ANOVA, the effect of the three parameters studied (ratio, reaction time, 
and temperature) were found to be significant on the liquid fuel yield, and a three-
dimensional response surface was developed. Three-dimensional response surfaces 
plotted for the yield of pyrolytic liquid from variation of the palm oil and polystyrene 
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ratio and temperature are shown in Figure 6.3. The figure shows that both an increase in 
the ratio of polystyrene and increasing temperature improved the yield of liquid. The 
highest yield was obtained when variables of ratio and temperature reached the 
maximum point, which was a reaction time set constant at 30 min.  
 
 
 
 
 
 
 
 
 
 
Figure 6.3: Three-dimensional response surfaces plot of pyrolytic liquid yield with 
the combined effect of feed ratio and temperature (at constant reaction time of 30 
min) 
 
 
 
Figure 6.4 shows the three-dimensional response surface plot for the yield of pyrolytic 
liquid from variation of reaction time and temperature. The maximum yield of 63 wt% 
was obtained at the optimal condition of a 30 min reaction time and the temperature at 
600°C with a feed ratio of 50:50.  
 
 
 
 
 
B: Ratio  
(Palm shell: polystyrene) 
1 = 40:60 
2 = 50:50 
3 = 60:40 
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Figure 6.4: Three-dimensional response surfaces plot of pyrolytic liquid yield with 
the combined effect of reaction time and temperature (at constant ratio of 50:50)  
 
 
The three-dimensional response surface plot for the yield of pyrolytic liquid from 
variation of the palm shell waste to polystyrene ratio and reaction time is shown in 
Figure 6.5. In Figure 6.5, the optimum conditions of a palm shell waste and polystyrene 
ratio of 40:60 and reaction time of 30 min were obtained for maximum liquid yield of 
65 wt%. The temperature was kept constant at 500°C. 
 
One of advantages of optimization plots is their help in getting a predicted response 
with a higher desirability score (Hasan et al., 2009). In this study, the quadratic model 
presented in Eq. 6.5 was used to optimize the yield of pyrolytic liquid. The model 
predicted that for a temperature of 600°C, a ratio at 40:60 (palm shell:polystyrene), and 
45 min of reaction time, pyrolytic liquid production would be at a maximum of about 
67.3 wt%. To validate the model prediction, one additional experiment with three 
repetitions were needed using the variables the model predicted. The final result showed 
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that the liquid was at a maximum of about 68.3 wt% with a deviation error of 1.48 %. 
The correlation of results from the experiments with the model prediction proved that 
the model is suitable for predicting the optimization of pyrolytic liquid with variables of 
temperature, ratio, and reaction time.   
 
 
 
 
 
 
 
 
 
Figure 6.5: Three-dimensional response surfaces plot of pyrolytic liquid yield with 
the combined effect of feed ratio and reaction time (at constant temperature of 
500°C) 
 
6.3.3 Characterization of pyrolytic liquid 
The pyrolytic liquid was obtained under optimum conditions (temperature of 600 °C, 
ratio of palm shell/polystyrene of 40:60, and reaction time of 45 min) was used for 
characterization of physical and chemical properties. The summary of this 
characterization is given in Table 6.4. The viscosity of the pyrolytic liquid was 8.28 cP. 
The liquid from co-pyrolysis of palm shell and polystyrene mixtures showed higher 
viscosity compared to pyrolysis of palm shell alone as described in a previous study 
(Abnisa et al., 2011). The decomposition of inorganic material in polystyrene may have 
contributed to the higher viscosity.  
 
 
B: Ratio  
(Palm shell: polystyrene) 
1 = 40:60 
2 = 50:50 
3 = 60:40 
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Table 6.4: Physical and chemical properties of pyrolytic liquid 
Properties  Value Unit 
Viscosity at 50 °C  8.28 cP 
pH  2.8  
Density at 24
 
°C 1058 kg/m3 
Elemental composition (wet basis) 
C  81.34 wt% 
H  7.79 wt% 
N  0.38 wt% 
O (by differences)  10.50 wt% 
High Heating Value (HHV)  40.34 MJ/kg 
Water content  1.9 % 
 
 
The densities of polystyrene and palm shell were shown to be about 1110 kg/m3 
(Rutkowski & Kubacki, 2006) and 1051 kg/m3 (Abnisa et al., 2011), respectively. After 
co-pyrolysis, the liquid from the mixture of wastes was about 1058 kg/m3 at 24°C. It 
was noted that the conversion of palm shell and polystyrene mixtures into pyrolytic 
liquid reduced the density of the wastes. It means that the area needed for liquid storage 
is smaller than the area needed for a landfill site of waste.   
 
The pH value of liquid from this study was 2.8. The result is in good agreement with the 
results in the literature (Lu et al., 2009). The pH value in the range of 2 to 4 indicated 
the presence of organic acid such as acetic acid and formic acid. The acidity of pyrolytic 
liquid thus can lead to corrosion problems in both vessels and piping systems. 
 
The average water content shown by the Karl Fischer method was about 1.9 %. 
Compared to a previous study, the mixture of palm shell and polystyrene feed resulted 
in a significant decrease in water content, which results in an increased HHV in the 
pyrolytic liquid. This reduction in water content was consistent with the results reported 
by Rotliwala & Parikh (2011). In that study, the co-pyrolysis of deoiled cake of jatropha 
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and waste commercial polyolefins resulted in very low water content in the pyrolytic 
liquid.  
 
As can be seen in Table 6.4, the results from an elemental analysis of the pyrolytic 
liquid show a high percentage of carbon (86.57 wt%). The oxygen in the liquid was 
found to be about 4.24 wt%. The low value of oxygen contributed to the high HHV of 
about 40.34 MJ/kg determined using Eq. 6.4. In addition, the HHV of the pyrolytic 
liquid from this study is very close to that of conventional fuel oil (about 42 to 44 
MJ/kg) that were reported in the literature (Bridgwater & Peacocke, 2000).  
 
 
Figure 6.6: FTIR spectrum of pyrolytic liquid obtained at conditions temperature 
of 600°C, ratio of palm shell/polystyrene of 40:60, and reaction time of 45 min 
 
 
Figure 6.6 shows the spectrum result of pyrolytic liquid from the FTIR analysis. The 
result showed that the liquid produced from the mixture of palm shell and polystyrene 
148 
 
was dominated by aliphatic hydrocarbons. Aliphatic hydrocarbon such as alkenes and 
alkanes were detected at absorption peaks in the range of 3100 to 3010 cm-1 and 3000 to 
2850 cm-1, respectively. The strong peaks in the range of 900 to 690 cm-1 showed the 
presence of aromatic hydrocarbons or arenes that are represented by C-H bending 
vibration. The presence of oxygen in the liquid was represented by the C=O stretching 
vibration between 1670 and 1820 cm-1 which indicated a carbonyl group. Then, the O-H 
stretching vibration that was observed at peaks in the range of 3600 to 3200 cm-1 and 
the C-O stretching vibration in the range of 1300 to 1000 cm-1 were identified as 
alcohols and esters. The aromatic compounds are represented by the C=C stretching was 
observed at peaks in the range of 1600 to 1400 cm-1. The low intensity absorption peak 
at 508 cm-1 was caused by commercial antimony oxide, which is used as a flame 
retardant additive for polystyrene. 
 
6.4 Conclusions  
The results were showed that the high liquid yields was obtained in the range 
temperature of 400 to 600 °C, reaction times of 15 to 45 min and palm shell/polystyrene 
ratios of 40:60 to 60:40. The optimization study using response surface methods 
indicates that the ratio of feed was the most significant variable on liquid yield. The 
polynomial model obtained fits well to predict the response with a high determination 
coefficient of R2 (0.972) and Q2 (0.610). The characteristic results showed that the HHV 
and the composition of the pyrolytic liquid were very close to those of conventional 
fuel.  
 
 
 
 
 
 
 
149 
 
CHAPTER VII 
OPTIMIZATION OF FUEL RECOVERY THROUGH THE STEPWISE CO-
PYROLYSIS OF PALM SHELL AND SCRAP TYRE 
 
 
7.1 Introduction 
Lignocellulosic or wood-based biomass is a major renewable energy source available 
worldwide, which can be used to produce oil through pyrolysis. Oil from this process 
has potential use as fuel or feedstock for various commodity chemicals (Thangalazhy-
Gopakumar et al., 2010). Numerous types of lignocellulosic biomass have been 
successfully pyrolyzed by researchers to obtain liquid fuel. However, the fuel 
characteristics of oil from lignocellulosic biomass remain lower than those of fossil fuel 
because the liquid product contains high levels of oxygenated compounds, which can 
lead to low calorific values, corrosion problems, and instability (Lu et al., 2009). A 
large amount of oxygen content is present usually around 40-50 wt% in the pyrolysis 
liquid (Oasmaa & Czernik, 1999). For quality improvement, the liquid needs to be 
upgraded by an additional upgrading process. Catalytic cracking and 
hydrodeoxygenation are the most commonly used upgrading processes (Mortensen et 
al., 2011). The upgrading process involves the addition of a catalyst, solvent, and large 
amount of hydrogen (Zhang et al., 2013), which potentially can cost more than the oil 
itself. Thus, a novel approach is necessary to overcome this issue and make the oil from 
lignocellulosic biomass more competitive and reliable as a renewable fuel. 
 
Co-pyrolysis is a technique with design and operation simplicity, which is suitable for 
the production of high-grade pyrolysis oil. This method can be run without the presence 
of any catalysts or solvents and with free hydrogen pressure. This process involves two 
or more different materials as feedstock. The mechanisms of co-pyrolysis and normal 
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pyrolysis are almost the same. Basically, the process is performed in a reactor system 
with moderate operating temperatures and the absence of oxygen. Most of the studies 
were performed using a fixed-bed reactor for the purpose of liquid production. 
According to Fei et al., 2012, the extent of contact between the used feedstock is an 
important factor to achieve the synergistic effect; therefore, the synergistic effect is 
more favorable for the pyrolysis operation carried out on a fixed-bed reactor than on a 
fluidized-bed reactor. As a general rule, temperature in co-pyrolysis can be adjusted 
within the range of 400–600 °C to maximize liquid yield production. Moreover, it is 
important to highlight the salient features of co-pyrolysis process being regarded as a 
promising, economic and environmental friendly technology for both the energy 
production and waste remediation (Lin et al., 2014). The detailed features of co-
pyrolysis are summarized in Table 7.1. 
 
Table 7.1: Features of co-pyrolysis (Abnisa & Wan Daud, 2014) 
Operation condition and 
reactor Product yields Product quality Advantages 
- Temperature range of 400–
600 °C. 
- No need to add catalysts, 
solvents, and hydrogen 
pressure. 
- Short hot vapor residence 
times of less than 2 s. 
- Hot vapor should be 
maintained at >400 °C before 
it enters the condensation 
unit. 
- To achieve a synergistic 
effect, a fixed bed reactor and 
auger reactor are 
recommended for use. 
- No need for complicated 
equipment. 
- Compared with normal 
pyrolysis, co-pyrolysis can 
produce extra liquid yield, 
typically between 1.42 and 
22 wt%. 
- The yields of char and gas 
are lower than that of 
biomass pyrolysis alone.	
- Liquid product has 
potentially decreased 
oxygen levels, 
reduced water 
content, and 
increased calorific 
value. 
- Potentially increased 
calorific value of 
char and gas as 
byproducts of co-
pyrolysis.	
- Feedstock is available 
worldwide. 
- The volume of waste 
can be significantly 
reduced as more 
waste is consumed as 
feedstock. 
- The cost of waste 
treatment is saved. 
- Environmental 
problems are solved. 
- No waste is produced 
by the process. 
- The process can be 
easily applied to 
existing plants for 
biomass pyrolysis.	
 
 
The research on co-pyrolysis process is generally focused on the study of synergistic 
effects or the interactive effects between the feedstock used. All improvements in oil 
quality and quantity during co-pyrolysis occurred through synergistic effects. The 
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positive or negative synergy depends on the type and contact of components, pyrolysis 
duration, temperature and heating rate, removal or equilibrium of volatiles formed, and 
addition of solvents, catalysts, and hydrogen-donors (Johannes et al., 2013). However, 
the type of blending feedstock has a significant influence among these factors; thus, 
synergistic effects on co-pyrolysis can be complicatedly varied based on the feedstock 
(Fei et al., 2012). Önal et al., 2014 argued that the synergistic effect in co-pyrolysis is a 
complex phenomena because of various chemical species. According to the authors, 
several reaction radicals can be induced during co-pyrolysis of high density 
polyethylene and biomass, including initiation, formation of secondary radicals 
[depolymerization, formation of monomers, favorable and unfavorable hydrogen 
transfer reactions, intermolecular hydrogen transfer (formation of paraffin and dienes), 
and isomerization via vinyl groups], and termination by disproportionation or 
recombination of radicals. 
 
Many researchers have studied co-pyrolysis for producing pyrolysis oil, and their results 
are encouraging. Most of them focused on the co-pyrolysis of lignocellulosic biomass 
mixed with plastic. The addition of plastic during the pyrolysis of lignocellulosic 
biomass can improve the quantity and quality of the oil product. Abnisa et al. 2014 
studied the co-pyrolysis of palm shells and polystyrene (PS) to obtain high-grade 
pyrolysis oil. Their results showed that by adding the same weight ratio of PS during the 
pyrolysis of palm shell, the oil yield increased to approximately 61.63 wt%, whereas the 
pyrolysis of palm shell alone yielded oil at approximately 46.13 wt%. The high heating 
value (HHV) of the oil product was obtained (i.e., approximately 11.94 MJ/kg) for the 
pyrolysis of palm shells alone. However, the pyrolysis of palm shells mixed with PS 
raised the HHV of oil to 38.01 MJ/kg. Jeon et al. (2011) studied the co-pyrolysis of 
wood chips with block polypropylene (BP). Their study was conducted in a fixed-bed 
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reactor, and the temperature was set at 500 °C for the pyrolysis of the wood chip and BP 
mixture. The results of their experiment showed that the liquid yield reached 39.30 and 
63.10 wt% when the BP mass was 0% and 50% of the mixture, respectively. The 
authors also noted that the liquid produced from wood chips alone had an HHV of 
19.90 MJ/kg, whereas this value increased to 45 MJ/kg when BP mass accounted for 
50% of the mixture.  In addition, Cornelissen et al., 2008b reported the reduction of 
water content in pyrolysis oil produced via the flash co-pyrolysis of biomass with 
polylactic acid. Berrueco et al., 2004 studied the co-pyrolysis of high density 
polyethylene mixed with sawdust in a fluidized bed reactor. The authors found a 
decrease in the concentration of oxygenated and aliphatic compounds in liquid fraction. 
 
Tyres are another material with characteristics similar to those of plastics. This material 
can be added during the pyrolysis of lignocellulosic biomass to obtain high-grade 
pyrolysis oil. Pyrolysis of tyres alone can produce the liquid yield of up to 63 wt%, 
depending upon the operating conditions applied (Williams, 2013). A large majority of 
oils produced have energy values in the range of 28–46 MJ/kg (Quek & 
Balasubramanian, 2013). Oil containing very low levels of oxygen has a high H/C 
atomic ratio (approximately 1.5) and consists of aliphatic and aromatic compounds 
(Martínez et al., 2013). Consequently, the presence of tyres during the pyrolysis of 
lignocellulosic biomass can have a positive contribution to the heating value through 
synergy. However, studies that focus on the pyrolysis of lignocellulosic biomass/waste 
tyre blends are currently limited (Abnisa & Wan Daud, 2014). Therefore, some effort 
should be made to obtain a clear overview of synergistic effects during the co-pyrolysis 
of lignocellulosic biomass and waste tyres. 
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Limited examples of the co-pyrolysis study of biomass and waste tyres can be found in 
the literature. Martínez et al., 2014 studied the co-pyrolysis of pine wood chips with 
scrap tyres in a fixed bed reactor and a continuous auger reactor, while Uçar and 
Karagöz, 2014 performed the co-pyrolysis of pine nut shells with scrap tyres at different 
blend ratios. Both studies applied the same procedure of pyrolysis process, where the 
samples were placed into the reactor and the reactor was subsequently heated from 
ambient temperature to 500 °C. The studies were emphasized on the product 
distribution and characterization of all pyrolysis products at reaction temperature of 500 
°C. However, no literature was reported about the possibility of fuel recovery after 
optimum temperature achieved. This issue is interesting to investigate since the co-
pyrolysis process uses two materials as feedstock which have different characteristics of 
thermal properties. Hence, the use of stepwise temperature technique in the co-pyrolysis 
process seems reasonable to achieve this objective.  
 
This study also tried to investigate the production of organic and aqueous phases during 
the co-pyrolysis. A study performed by Martínez et al., 2014 found that a single liquid 
phase was obtained for all the biomass/waste tyre blends. The authors assumed that 
radical interaction during the pyrolysis reaction leads to a new bio-oil that avoids phase 
separation. In another study, Cao et al., 2009 reported that the liquid produced from co-
pyrolysis of biomass and tyre contained two layers: an aqueous layer and an oil layer, 
which is also observed in the present study. However, there was no detailed discussion 
provided in their report. In order to obtain a clear insight, the phenomenon on the phase 
separation of liquid product is covered in this paper. Furthermore, the byproducts 
produced during this process were quantified. To evaluate the fuel quality, all the 
products were characterized by several analytic approaches. 
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7.2 Materials and methods 
7.2.1 Materials 
Palm shells were selected as a representative source of lignocellulosic biomass, and they 
were obtained from the palm oil mill industry. The waste tyres used in this experiment 
were categorized as truck tyres. As previously reported (Abnisa et al., 2013), palm shell 
waste is a serious problem in Malaysia, and this waste is often managed with 
unsatisfactory practices that negatively affect the environment. Furthermore, incorrect 
handling often occurs for waste tyres. According to Thiruvangodan (2006), 
approximately 8.2 million waste tyres or 57,391 tons are generated in Malaysia 
annually. Approximately 60% of waste tyres are disposed via unknown routes. 
Preventive actions are required to protect the environment from hazardous 
consequences brought about by the increasing volume of waste. Therefore, the use of 
co-pyrolysis can be an optional solution to address this issue. 
 
All the samples used in this experiment were treated by drying in the sun for a day and 
subsequent grinding to obtain the desired particle size of 1–2 mm. The drying process 
was again performed in an oven at 105 °C for 24 h to remove moisture. The samples 
were then stored in a desiccator to keep them free of moisture. The ratio of palm shells 
and scrap tyres varied at 100:0, 75:25, 50:50, 25:75, and 0:100. 
 
7.2.2 Co-pyrolysis experiments 
Co-pyrolysis was performed in a fixed-bed reactor under a nitrogen (N2) atmosphere at 
the desired temperature. The fixed-bed reactor was found to be effective in achieving 
the synergistic effects of co-pyrolysis (Fei et al., 2012), and it was also relatively 
inexpensive, simple, and reliable (Bridgwater, 2003). Approximately 800 g of each 
sample was placed in a stainless steel reactor with an internal diameter of 7.57 cm and 
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length of 85 cm. An external vertical furnace was used to heat the reactor. The 
temperature was monitored using a K-type thermocouple inside the reactor. A series of 
condensers was installed at the condensation unit to condense the vapors released from 
the process. The condenser was set at a temperature of ±0.5 °C. The detailed design of 
the co-pyrolysis setup is shown schematically in Figure 7.1. 
 
 
 
 
Figure 7.1: Flow diagram of the experimental set-up for the co-pyrolysis of palm 
shells mixed with scrap tyres 
 
 
Initially, the reactor was heated to the desired temperature. Subsequently, N2 was 
released for 2 min to remove the air from the reactor. After N2 purging, materials were 
loaded onto the vertical reactor by opening the feed valve at the top of the reactor. The 
feed valve was then closed, and N2 was again released to accelerate the sweeping of 
vapors from the hot zone (pyrolysis zone) to the cool zone (condenser). The N2 flow 
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rate was set at 1 L/min. It was controlled using mass flow controllers (Dawyer, USA) in 
the range of 0–2 L/min. 
 
The experiments were divided into two scenarios. The first scenario aimed to observe 
the quantity and quality of fuels from co-pyrolysis at the optimum temperature 
condition (500 °C) with a reaction time of 60 min. The second scenario aimed to obtain 
an overview of the amount of remaining fuels that could be converted after the optimum 
conditions were achieved. The study was initially started by performing the experiment 
in the first scenario. After the first scenario was completed, the experiment continued by 
increasing the temperature to 800 °C. When the temperature reached 800 °C, the 
reaction was maintained for 45 min. The results of both scenarios were then compared. 
To validate the experimental data, each experiment was repeated with three replicates, 
and the average result was used as the final yield. The reactor, condenser, and piping 
system were sterilized between each set of experiments to avoid any sample 
contamination. 
 
Three products were obtained during co-pyrolysis, namely, liquid, char, and gas. The 
liquid was collected from the condensation unit and subsequently weighed to obtain the 
mass of the liquid product. The char was collected from inside the reactor and then 
weighed. To obtain the final percentages of the products (liquid and char), all of the 
yields were calculated using the following equation: 
 
        (7.1)  
 
where YP is the product yield, X1 is the mass of the desired product, and X2 is the initial 
weight of the raw material. The gas yield was determined by subtraction: 
gas yield = 100 − (liquid yield + char yield). 
100%
X
XY
2
1
P 
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7.2.3 Characterization 
All feedstock used in this study were analyzed using proximate and ultimate analyses. 
The results from proximate analysis included the moisture, fixed carbon, volatile matter, 
and ash contents. Proximate analysis was performed according to the ASTM standards 
described in the literature. Ultimate analysis followed ASTM D-5291 using a Model 
2400 Perkin Elmer Series CHNS/O Analyzer. The amounts of carbon, hydrogen, 
nitrogen, and sulfur were determined using this method. The oxygen content was 
determined by subtraction: O = 100 − (C + H + N + S). Weight loss analysis of the 
sample was performed with a thermogravimetric analyzer (TGA 4000, Perkin Elmer) 
under a nitrogen flow rate of 25 mL/min and heating rate of 40 °C/min. 
 
In this study, the liquid yield was considered the main product, whereas char and gas 
were considered byproducts. The liquid collected from the condensation unit was kept 
in a separating funnel for 2 d. Each layer that formed during the separation process was 
investigated. Several analyses, including the analysis of density, water content, pH, 
functional group composition by Fourier transform infrared (FTIR) spectroscopy, 
elemental analysis (C, H, N, S, and O), and HHV, were conducted to determine the 
quality of the liquid product. The analyses of the byproducts (char and gas) focused on 
the fuel characteristics. The analyses of the char product included elemental analysis 
and HHV. The analysis of the gas product focused on the production of H2 and CH4 
gases. 
 
A 25 mL pycnometer was used to determine the density of the pyrolysis oil. The pH 
was measured using a Mettler Toledo Delta 320 pH meter at 25 °C. The Karl Fischer 
titration method was used to measure the water content. This measurement was 
performed with a Karl Fischer 737 KF Coulometer from Metrohm. HYDRANAL 
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Coulomat AG (80 mL) and HYDRANAL Coulomat CG (5 mL) were used as the 
anolyte and catholyte reagents, respectively. FTIR analysis was conducted with a 
Perkin–Elmer Spectrum 400 spectrometer. The samples were scanned in the range of 
400–4000 cm−1 with a resolution of 4 cm−1. Elemental analysis was performed with a 
Model 2400 Perkin–Elmer Series II CHNS/O Analyzer to determine the C, H, N, and S 
contents. The oxygen content was determined by subtraction. A CHNS combustion tube 
and reduction tube were used for this determination. The elemental analysis results were 
also used to calculate the HHV. In this study, two equations were used to calculate the 
HHV of the liquid product. These equations were based on the obtained oxygen content. 
Equation 7.2 was used when the liquid product had an oxygen content lower than 15%, 
whereas Equation 7.3 was used if the oxygen content in the sample was greater than 
15% (Buckley, 1991). The HHV of the char product was determined using the modified 
Dulong’s formula, as shown in Equation 7.4 (Mohanty et al., 2013). 
 
     (7.2) 
 
  (7.3) 
 
     (7.4) 
 
 
 
An online gas analyzer was installed after the condensation process to measure the 
released hydrocarbon gases. Hydrogen and methane were measured by a calibrated 
online gas analyzer, namely, Rosemount Analytical X-STREAMTM (UK) apparatus. 
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Figure 7.2: TGA thermographs of palm shell and scrap tyre 
 
7.3 Results and discussion 
7.3.1 Characteristics of the raw materials 
The pyrolysis temperature plays an important role in liquid yield production. Generally, 
moderate operating temperatures are required to produce the liquid yield. However, this 
parameter is dependent on the feedstock characteristics. In this study, TGA analysis was 
used to obtain an overview of the thermal behavior of the materials. The use of TGA 
analysis also helped define the optimum temperature to produce the maximum liquid 
yield. 
 
The TGA results of the palm shells and scrap tyres are shown in Figure 7.2. The figure 
shows that the increased temperature led to the decreased weight of both materials. 
Decomposition initially occurred for palm shells, and the scrap tyres started to 
decompose after the temperature reached approximately 180 °C. The decomposition of 
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palm shells can be explained by lignocellulosic decomposition, which has been widely 
discussed in our previous studies (Abnisa et al., 2013a; Abnisa et al., 2013b). Unlike 
palm shells, scrap tyres need higher temperatures before they start to decompose, and 
the total weight loss of scrap tyres was lower than that of palm shells. The major 
decomposition of scrap tyre continuously occurred until the temperature reached 
approximately 500 °C. However, no further significant weight loss was observed after 
this temperature. Murillo et al. (2006) explained that the initial decomposition 
(approximately 150 °C) is associated with the decomposition of the tyre rubber 
additives (extender oils, plasticizers, and other additives). Further decomposition is 
attributed to the decomposition of natural rubber, as well as the decomposition of a 
mixture of styrene butadiene rubber and butadiene rubber. In addition, significant 
weight loss for both materials was observed at approximately 500 °C. At this 
temperature, approximately 63% of weight loss was identified for palm shells, whereas 
the amount of weight loss for scrap tyres was approximately 52%. The high percentage 
of weight loss observed from TGA analysis indicated that a high conversion rate of 
biomass occurred. Thus, 500 °C was found to be a suitable temperature for maximizing 
biomass conversion into other products. 
 
Table 7.2: Proximate and ultimate analyses of palm shell and scrap tyre 
Characteristics Palm shell Scrap tyre 
Proximate analysis (wt%)   
 Moisture 4.7 1.15 
 Fixed carbon 13.2 28.46 
 Volatile 73.5 66.10 
 Ash 8.6 3.65 
  
Ultimate analysis (wt%)   
 C 49.74 83.82 
 H 5.32 7.65
 N 0.08 0.92 
 O (by difference) 44.86 6.03 
 S 0.16 1.58
 
 
161 
 
The results of proximate and ultimate analyses are summarized in Table 7.2. From 
proximate analysis, the palm shells and scrap tyres were found to have high values of 
volatile matter. During the pyrolysis of biomass, this content is expected to be high 
because it has a positive contribution toward increasing liquid yield production. 
According to Omar et al. (2011), a high volatile content provides high volatility and 
reactivity, which favor liquid yield production. Compared with volatile matter, the 
presence of ash in the materials will lead to liquid yield reduction. This phenomenon 
has previously been recognized by several researchers. Fahmi et al., 2008 also described 
that the presence of ash leads to a decrease in the liquid yield, and tend to increase char 
and gas yields. Venderbosch and Prins, 2010b noted that the high ash content in the 
biomass can drastically drop the oil yield, sometimes below 50 wt%. In the present 
study, the measured ash content was approximately 8.6 and 3.65 wt% for palm shells 
and scrap tyres, respectively. Furthermore, the ultimate analysis results showed that 
scrap tyres were better materials for producing fuels because of their high carbon and 
hydrogen contents and low oxygen content. Therefore, the addition of scrap tyres in the 
pyrolysis of palm shells is expected to improve the calorific value of the liquid product. 
 
7.3.2 Product yields 
Three products were obtained from the co-pyrolysis of palm shells and scrap tyres: 
liquid, char, and gas. The details of the yield products derived from the first and second 
scenarios are presented in Table 7.3. Given that the process parameters in this study 
were adjusted to maximize liquid production, the obtained liquid yield was higher 
compared with the yields of other products. The lowest yield was observed for the gas 
product. The results from the first scenario showed that the addition of scrap tyres in the 
pyrolysis of palm shells significantly contributed to the increased liquid yield. The 
pyrolysis of palm shells alone produced approximately 43.82 wt% of the liquid yield. 
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Subsequently, the yield increased by 45.16, 46.22, and 48.06 wt% when the scrap tyre 
mass was 25%, 50%, and 75% of the reaction, respectively. The same trend was 
reported by Cao et al. (2009), who studied the co-pyrolysis of sawdust and waste tyres. 
The addition of scrap tyres could provide more hydrocarbons during co-pyrolysis. Thus, 
this approach can increase the liquid yield production. Moreover, the increased 
proportion of scrap tyres in the feedstock affected the enhancement of the char product. 
The pyrolysis of palm shells yielded approximately 34.20 wt% of char. The yield 
increased to 36.16 wt% with the maximum amount of scrap tyres in the feedstock 
(75%). According to Martínez et al. (2014), the increase in char product during the co-
pyrolysis of biomass and scrap tyre can be attributed to the lower proportion of volatile 
matter and higher percentage of fixed carbon (by the carbon black added during tyre 
manufacturing) in the waste tyres compared with those in lignocellulosic biomass. 
 
Table 7.3: Product yields of co-pyrolysis at different ratios and scenarios 
Scrap tyre  
in feedstock (%) 
Product yields (wt%) 
Liquid  Char  Gas* 
Scenario 
I 
Scenario 
II  
Scenario 
I 
Scenario 
II  
Scenario 
I 
Scenario 
II 
0% 43.82 47.36 34.20 29.10 21.98 23.54 
25% 45.16 47.90 34.72 31.46 20.12 20.64 
50% 46.22 47.86 36.36 34.14 17.42 18.00 
75% 48.06 48.22 36.16 35.42 15.78 16.36 
100% 48.12 48.34 37.11 36.11 14.77 15.55 
*Calculated by difference 
 
The results of the second scenario showed that the liquid yield increased for the 
pyrolysis of palm shells alone and co-pyrolysis of palm shells mixed with a low ratio of 
scrap tyres. This result indicated that the enhanced effect of temperatures beyond 
500 °C was significantly influenced by the lignocellulosic biomass. The increased liquid 
yield in this scenario was mainly contributed by the decomposition of lignin. Lignin has 
thermal characteristics different from hemicellulose and cellulose. The decomposition 
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of hemicellulose and cellulose is completed at 400 °C, whereas the complete 
decomposition of lignin requires a higher temperature. According to Yang et al. (2007), 
the decomposition of lignin slowly occurs during the pyrolysis of biomass; it starts at an 
ambient temperature and continues up to 900 °C. The effect of lignin on pyrolysis oil 
yield was previously studied by Fahmi et al. (2008), and their results showed that the 
total liquid yield increases with increasing amount of lignin. The liquid product from the 
pyrolysis of lignin typically consists of ~20% aqueous components and ~15% organic 
components (Mohan et al., 2006). 
 
Furthermore, the effect of temperature enhancement in the second scenario plays an 
important role in reducing the yield of the char product. Table 7.3 shows that the 
decrease in char was followed by an increase in gas yield. This condition was observed 
with a higher ratio of biomass in the feedstock. These results showed that the yield of 
char obtained at 500 °C was again cracked, which led to higher gas yields when the 
temperature was increased to 800 °C. Bridgwater et al. (1993) noted that chars produced 
by rapid pyrolysis have a lower apparent density and are more reactive than those 
produced by slow pyrolysis. A fraction of this char can be further volatilized by 
pyrolysis at high temperatures. 
 
7.3.3 Characterization of the liquid product 
The results showed that the liquid consisted of organic and aqueous phases. This finding 
differed from those of Martinez et al. (2014), who reported the absence of phase 
separation in the liquid product produced from the co-pyrolysis of biomass and scrap 
tyres. Their experiment was performed in a fixed-bed reactor with different feedstock 
mixtures based on mass: 100% biomass (100/0); 90% biomass and 10% waste tyres 
(90/10); 80% biomass and 20% waste tyres (80/20); and 100% waste tyres (0/100). The 
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findings of the present study confirmed that phase separation occurred in the liquid 
produced from the co-pyrolysis of biomass and scrap tyres. Phase separation seems 
unlikely when the ratio of scrap tyres is low in feedstock (≤25%) or when only biomass 
is used as feedstock. However, the use of spotlights (LED flood light, 30 W) can help 
define phase separation. Images of the liquid yields, which are lighted by spotlights, are 
shown in Figure 7.3. From this figure, the liquids produced by the pyrolysis of palm 
shells alone and pyrolysis of scrap tyres alone have two phases: organic and aqueous. 
By contrast, the liquids produced from the palm shell/waste tyre blends have three 
phases: a bottom organic phase, aqueous phase, and top organic phase. A similar phase 
separation trend in the liquid product was reported by another study (Samanya et al., 
2012). As shown in Figure 7.3, no top organic phase was present in the liquid produced 
from the pyrolysis of palm shells alone. Moreover, no bottom organic phase was 
detected in the liquid obtained from scrap tyres alone. This finding denoted that the 
bottom organic phase was contributed by the lignocellulosic biomass, the top organic 
phase was contributed by scrap tyres, and the aqueous phase was contributed by both 
materials. 
 
 
 
Figure 7.3: Comparison of liquid yields with different feedstock ratios of palm 
shells and scrap tyres 
 
 
After the liquid products were stored in a separatory funnel for 2 d, the liquids were 
separated based on the layer that was formed. The quantities of each layer are presented 
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in Table 7.4. Some interesting observations were noted among the scenarios. The yield 
of the bottom organic phase for both scenarios decreased when the palm shell ratio in 
the feedstock decreased. Furthermore, the yield of the bottom organic phase from 
scenario II was lower than that from the first scenario. By contrast, the increased 
temperature caused an increase in the aqueous phase. This phenomenon was clearly 
observed for the second scenario, although no significant enhancement in the aqueous 
phase yield was obtained. Moreover, the top organic phase for the second scenario 
increased in terms of the yield compared with that for the first scenario. In scenario II 
(Table 7.3), the increase in the liquid yield was caused by the top organic and aqueous 
phases. 
 
Table 7.4: Distribution of liquid yields based on the type of phase 
Scrap tyre 
in feedstock (%) 
Yield of liquid type (wt%) 
Bottom organic  Aqueous phase   Top organic 
Scenario 
I 
Scenario 
II  
Scenario 
I 
Scenario 
II  
Scenario 
I 
Scenario 
II 
0% 29.08 28.48  70.92 71.52  NP NP 
25% 19.73 17.76  57.59 58.19  22.68 24.05 
50% 9.09 6.58  35.87 36.14  56.04 57.28 
75% 6.33 5.15  13.51 13.55  80.16 81.30 
100% NP NP  2.58 2.25  97.42 97.75 
NP: no product found 
 
A high proportion of the organic phase in pyrolysis oil is generally preferred over the 
aqueous phase. The aqueous phase has a high water content, which can extremely 
reduce the energy content of pyrolysis oil. In the present study, the highest proportion of 
the aqueous phase was observed for the pyrolysis of palm shells alone at approximately 
70.92 and 71.52 wt% for scenarios I and II, respectively. The aqueous phase was 
significantly reduced when the scrap tyre was added to the feedstock, thereby increasing 
the total accumulation of the organic phase. As shown in Figure 7.4, the total organic 
phase linearly increased with the decrease in the aqueous phase. This trend was 
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observed for both scenarios. The co-pyrolysis of lignocellulosic biomass and scrap tyres 
was found to be an effective technique for increasing the organic phase of pyrolysis oil. 
 
Table 7.5 shows that the addition of scrap tyres during the pyrolysis of palm shells 
decreased the water content in the bottom organic phase. This tendency was clearly 
observed for both scenarios. The highest water content for the bottom organic phase was 
approximately 14%, which was obtained from the liquid produced from the pyrolysis of 
palm shells alone. The water content decreased to 9.5% when the ratio of scrap tyres 
reached 75% in the feedstock. Furthermore, the water content in the top organic phase 
was very low (<1%). Compared with the organic phase, the water content in the 
aqueous phase gradually increased as the scrap tyre mass increased. The highest water 
content in the aqueous phase was observed for the liquid obtained from the pyrolysis of 
scrap tyres alone (approximately 82%). 
 
 
 
Figure 7.4: Distribution of the total organic phase versus the aqueous phase 
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Table 7.5: Results of water content analysis 
Scrap tyre  
in feedstock (%) 
Water content (%) 
Bottom organic  Aqueous phase   Top organic 
Scenario 
I 
Scenario 
II  
Scenario 
I 
Scenario 
II  
Scenario 
I 
Scenario 
II 
0% 13.96 14.16  69.48 69.64  NP NP 
25% 10.72 10.33  72.61 72.90  0.94 0.92 
50% 10.85 10.08  73.82 73.00  0.53 0.54 
75% 9.57 9.63  75.15 75.32  0.28 0.25 
100% NP NP  82.66 82.36  0.13 0.12 
NP: no product found 
 
 
Table 7.6 presents the results of pH analysis of pyrolysis oils, which were grouped into 
the bottom organic, aqueous, and top organic phases. The results showed that all of the 
liquid types were considered acidic. Pyrolysis oil is highly unstable and corrosive when 
its acidity is high. However, the pH increases during co-pyrolysis, which exerts a 
positive effect by reducing the acidity of the liquid product. Table 7.6 shows that the 
phases of all the liquid types exhibited an increase in pH when scrap tyres were mixed 
during the pyrolysis of palm shells. The liquid produced from the pyrolysis of 
lignocellulosic biomass had a pH ranging from 2.0 to 3.0 (Mohan et al., 2006). This 
condition resulted from the high concentration of acidic compounds in the liquid, which 
mainly contributed to the degradation of hemicellulose and lignin during pyrolysis. 
Therefore, the reduction in lignocellulosic biomass and addition of scrap tyres as 
feedstock in pyrolysis enhanced the pH. Furthermore, the pH slightly increased for 
scenario II. The pH of liquid products increased with increasing temperature. This 
finding occurred for all conditions of samples used in this study. A similar trend was 
reported by He et al. (2009) and Thangalazhy-Gopakumar et al. (2010). 
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Table 7.6: Results of pH analysis 
Scrap tyre  
in feedstock (%) 
pH 
Bottom organic  Aqueous phase   Top organic 
Scenario 
I 
Scenario 
II  
Scenario 
I 
Scenario 
II  
Scenario 
I 
Scenario 
II 
0% 2.88 2.89  2.71 2.75  NP NP 
25% 2.94 3.06  3.82 3.83  2.81 3.09 
50% 3.08 3.21  3.12 3.29  3.33 3.51 
75% 3.45 3.72  3.31 3.58  3.71 3.75 
100% NP NP   5.88 5.96   5.05 5.96 
NP: no product found 
 
Table 7.7: Results of elemental analysis from scenario I 
Liquid types 
Scrap tyre 
in feedstock 
(%) 
Elemental analysis (wt%) 
C H N S O 
Top       
organic phase 
0% NP  NP  NP  NP  NP 
25% 83.63 11.07 0.38 1.69 3.23 
50% 85.23 11.17 0.43 1.69 1.48 
75% 85.56 11.64 0.52 1.85 0.43 
100% 85.74 11.79 0.54 1.88 0.05 
Aqueous  
phase 
0% 17.90 10.62 0.33 0.86 70.27 
25% 15.17 9.45 0.27 0.89 74.22 
50% 16.23 9.56 0.51 0.94 72.76 
75% 12.52 9.11 0.91 1.14 76.32 
100% 7.47 10.73 3.57 1.42 76.81 
Bottom    
organic phase 
0% 60.76 8.42 0.66 0.91 29.25 
25% 63.05 8.55 1.00 1.02 26.38 
50% 64.95 8.70 1.57 1.68 23.10 
75% 64.58 8.78 2.49 1.88 22.27 
100%   NP NP NP NP NP 
NP: no product found 
 
The complete results of elemental analysis for scenario I are shown in Table 7.7. The 
amount of oxygen, which was categorized as an undesirable component in liquid, 
decreased for both organic phases when scrap tyre in the feed blend increased. 
However, the oxygen content in the aqueous phase was different from that in the 
organic phase. This finding indicated that a synergistic effect occurred during co-
pyrolysis. The highest oxygen content was detected for the aqueous phase (>70 wt%), 
whereas the oxygen contents in the bottom organic and top organic phases were <30 
and 3.23 wt%, respectively. This study also found that the decrease in oxygen in the 
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organic phases was followed by an increase in the carbon and hydrogen contents. All 
the trends that occurred in scenario I were also found in scenario II (Table 7.8). 
 
The addition of tyre in the pyrolysis of biomass could increase the sulfur content in 
liquid. This effect may be due to the thermal degradation of the accelerators used in 
tyres during vulcanization; these accelerators include sulfur- and/or nitrogen-based 
organic compounds, such as 2-mercaptobenzothiazole and benzothiazole disulfide 
(Frigo et al., 2014). The increase in sulfur in the liquid product was also observed in 
scenario II (see Table 7.8). The sulfur and nitrogen contents in Table 7.8 were higher 
than those in Table 7.7. The increase in sulfur was detected for the top organic phase, 
whereas the increase in nitrogen content was clearly observed for the bottom organic 
phase. These findings clarified that the increase in temperature played an important role 
in increasing the sulfur and nitrogen contents in liquid. The increase in the sulfur 
content was mainly caused by scrap tyre, as reported by other researchers. The research 
performed by Dı́ez et al., 2004 reported that the sulfur content in the produced liquid 
was 1.3 wt% at 350 °C and it was subsequently increased to 1.4 wt% and 1.6 wt% as the 
temperature reached at 450 °C and 550 °C, respectively. de Marco Rodriguez et al., 
2001 studied the pyrolysis of scrap tyres at temperatures between 300 °C and 700 °C 
with an interval of 100 °C. The authors reported that the increase in sulfur content was 
observed with the increase of temperature from 300 °C to 500 °C. Furthermore, the 
increase in the nitrogen content in the bottom organic phase (Table 7.8) was mainly 
caused by lignocellulosic biomass. Odetoye et al., 2014 reported this trend in the study 
of pyrolysis of parinari polyandra benth fruit shell for bio-oil production. 
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Table 7.8: Results of elemental analysis from scenario II 
Liquid types 
Scrap tyre 
in feedstock 
(%) 
Elemental analysis (wt%) 
C H N S O 
Top       
organic phase 
0% NP  NP  NP  NP  NP 
25% 83.44 11.41 0.40 1.84 2.91 
50% 84.48 11.23 0.49 1.78 2.02 
75% 86.13 11.38 0.53 1.90 0.06 
100% 87.83 11.99 0.76 1.92 0.00 
Aqueous  
phase 
0% 15.90 10.89 0.38 0.70 72.13 
25% 13.26 11.07 0.50 0.78 74.39 
50% 14.75 8.58 0.61 0.70 75.36 
75% 11.73 11.92 1.02 1.00 74.33 
100% 10.95 9.43 1.25 1.31 77.06 
Bottom    
organic phase 
0% 62.33 7.55 1.08 0.75 28.29 
25% 64.22 7.15 1.12 0.96 26.55 
50% 68.57 7.98 2.03 1.37 20.05 
75% 65.59 7.88 3.00 1.57 21.96 
100%   NP NP NP NP NP 
NP: no product found 
 
In terms of liquid fuel, the presence of sulfur and nitrogen is undesirable because they 
can contribute to the formation of SO2 and NOx during combustion (Williams et al., 
1998). SO2 and NOx are known as harmful pollutants that can negatively affect the 
environment, and specifically contribute to global warming. Therefore, liquid fuel 
should be free from sulfur and nitrogen or at least contain acceptable amounts in 
accordance with the ASTM standards. Raj et al. (2013) suggested the removal of sulfur 
from the pyrolysis oil of waste tyres. The authors explained that the pyrolysis oil with 
free moisture can be mixed with 6 wt% H2SO4, allowed to settle for 24 h, and further 
processed with Fuller’s earth to remove impurities and sulfur. Desulfurized oil is then 
fractionally distilled in vacuum to remove the sludge. In oil refining industry, the 
conventional method to remove sulfur from fuel/bio oils is by using a catalytic 
hydrotreatment. 
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Figure 7.5: HHV of pyrolysis oils 
 
 
HHV is one of the important parameters in determining the energy content of a fuel. 
The HHV results of pyrolysis oils obtained from scenarios I and II are illustrated in 
Figure 7.5. The HHV of each phase differed. The top organic phase had the highest 
HHV, and the bottom organic and aqueous phases were categorized into the medium 
and low levels, respectively. As shown in Figure 7.5, the addition of scrap tyre in 
biomass pyrolysis obviously contributed to the increase in HHV of the organic phases. 
However, based on the results from scenario II, no significant increment was found 
when the temperature increased. Furthermore, the HHV of the top organic phase was in 
the range of 43–46 and 44–47 MJ/kg for scenarios I and II, respectively. These results 
showed that the HHV of the top organic phase could be categorized similar to 
commercial diesel fuel. The HHV of the bottom organic phase from both scenarios 
varied in the range of 28–31 MJ/kg. This result was higher compared with typical HHV 
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of biomass pyrolysis oil (16–19 MJ/kg) (Zhang et al., 2007). In addition, the HHV of 
the aqueous phases was found to be very low at a range of 9–14 MJ/kg. 
 
 
Figure 7.6: FTIR spectra of the top organic phase 
 
 
The FTIR spectra of the top organic, aqueous, and bottom organic phases are shown in 
Figures 7.6, 7.7, and 7.8, respectively. Many researchers recognize that O-H, C-H, C-O, 
and C=O are the most abundant chemical bonds detected in liquids produced from the 
pyrolysis of biomass. The functional group of O-H was generally found at peaks 
between 3200 and 3400 cm−1, which indicated the presence of phenols and alcohols. 
Such peaks were clearly observed for the aqueous phase (see Figure 7.7). Figure 7.7 
shows that the intensity of peak areas between 3200 and 3400 cm−1 increased 
significantly when the scrap tyre ratio increased in the feedstock, thereby indicating an 
increase in concentration of the O-H group. This result was in agreement with the 
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results from water content analysis and elemental analysis, in which the water and 
oxygen contents were also found to increase as tyre mass increased in the pyrolysis of 
palm shell. Furthermore, the O-H stretching vibrations between 3200 and 3400 cm−1 
were observed for the bottom organic phase (see Figure 7.8). However, the intensity of 
this peak differed from that in the aqueous phase, where the intensity decreased with 
increasing scrap tyre ratio in the blend. Martínez et al. (2014) stated that phenolic 
compounds originate from the decomposition of lignin in the biomass wood, whereas 
the presence of phenols and carbonyls in tyre-based oil may be explained by the 
pyrolysis of oxygenated compounds, such as stearic acid and extender oil, of the tyre 
(Shah et al., 2009). 
 
The C-H stretching vibrations between 2800 and 3000 cm−1, as well as C-H deformation 
vibrations between 1350 and 1450 cm−1, showed the presence of alkane groups. The 
peaks between 2800 and 3000 cm−1 were only observed for the top and bottom organic 
phases. The effect of scrap tyre addition increased the intensity of peak areas between 
2800 and 3000 cm−1 (Figure 7.8). Moreover, the deformation vibrations between 1350 
and 1450 cm−1 were observed for all liquid types. A strong intensity of peak areas 
between 1350 and 1450 cm−1 was observed for the top and bottom organic phases, 
whereas medium intensity was observed for the aqueous phase. This result showed that 
some hydrocarbon compounds still remained in the aqueous phase, and they could be 
recovered by catalytic conversion. Abnisa et al. (2014b) showed that the use of zeolite 
catalyst (HZSM-5/50) at 555 °C is effective in recovering liquid fuel from the aqueous 
phase with an oil yield of about 4 wt%; the obtained oil was dominated by aromatics 
and phenols, with an HHV of 38.44 MJ/kg. 
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Figure 7.7: FTIR spectra of the aqueous phase 
 
 
Moreover, the presence of oxygen was also observed for all liquid types in the range of 
1650–1850 and 1000–1300 cm−1. The peaks between 1650 and 1850 cm−1, which were 
related to C=O stretching, indicated the presence of ketones, carboxylic acids, and 
aldehydes. The C-O stretching vibration in the range of 1000–1300 cm−1 was attributed 
to alcohols and esters. However, both peaks disappeared from the top organic phase 
when scrap tyres were involved in the pyrolysis of palm shell. By contrast, these peaks 
were still detected for the bottom organic phase, although the scrap tyre mass occupied 
75% of the mixture. The results from elemental analysis (Tables 7.7 and 7.8) confirmed 
that the oxygen content was high for the bottom organic phase. 
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Figure 7.8: FTIR spectra of the bottom organic phase 
 
 
7.3.4 Characterization of byproducts 
7.3.4.1 Char product 
In this study, the characteristics of char were investigated using elemental analysis and 
HHV to determine its fuel quality. The results of elemental analysis for char product are 
listed in Table 7.9. Carbon, the main element in all of the produced chars, was present in 
significantly great amounts (>75 wt%). In scenario I, the addition of scrap tyres did not 
significantly increase the carbon content. Hydrogen, an important content in fuel, 
decreased when the proportion of palm shell decreased in the feedstock. Both these 
trends showed that palm shell was the main contributor in producing carbon and 
hydrogen during the co-pyrolysis of biomass and scrap tyres. Similar to liquid product 
(Tables 7.7 and 7.8), the sulfur content also increased when scrap tyres in the feedstock 
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increased. The results from scenario I also showed that oxygen and nitrogen both 
decreased after the addition of a certain proportion of scrap tyres. 
 
The results from scenario II showed that the increase in temperature after optimum 
conditions eliminated all elements from the char. However, the analyses in this scenario 
demonstrated that the carbon contents increased in the char products. The increase in 
carbon content was observed in the experiment with palm shell:scrap tyre ratios of 
100:0 and 75:25. This condition may be explained by the formation of carbon during the 
pyrolysis of lignocellulosic biomass. Imam and Capareda (2012) noted that losses in 
hydrogen and oxygen are due to the breaking of weaker bonds within the char structure, 
and char becomes highly carbonaceous at high pyrolysis temperatures. Devolatilization 
reactions are favored with increasing temperature; such reactions degrade all elements 
from char and increase gaseous product yields (Demiral & Kul, 2014). The yields of gas 
products listed in Table 7.3 supported this finding. 
 
Figure 7.9 shows the HHV of chars obtained from different scenarios. The HHV of 
chars from scenario I was obtained in the range of 24–27 MJ/kg, whereas char produced 
from scenario II was in the range of 23–26 MJ/kg. The highest HHV in scenario I 
resulted from the pyrolysis of palm shell alone. However, the HHV of char gradually 
decreased when the percentage of scrap tyres in the feedstock increased. This result 
showed that the addition of scrap tyres in the pyrolysis of biomass resulted in the drop 
in the HHV of char product. Moreover, the increase in temperature also caused a 
decrease in the HHV of char. This condition was clearly observed in scenario II. The 
drop in HHV could be explained by the degradation of hydrogen and carbon from the 
char product. Although the HHV of char decreased during co-pyrolysis, the char 
samples exhibited HHVs comparable with those of some coals and are acceptable for 
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use as alternative solid fuels. The HHV of some Indian coals are obtained in the range 
of 12.75–28.37 MJ/kg (Majumder et al., 2008), while the HHV of Turkish coals are 
reported in the range of 9.37–20.34 MJ/kg (Akkaya, 2009). 
 
Table 7.9: Results of elemental analysis of char product 
Scenario 
Scrap tyre 
in feedstock 
(%) 
Elemental analysis (wt%) 
C H N S O 
I 
0% 78.00  3.09  0.81  0.15  17.95 
25% 78.05  2.04  0.71  1.38  17.82 
50% 78.09  1.52  0.60  2.13  17.66 
75% 78.13  1.06  0.58  3.40  16.83
100% 78.31  0.58  0.51  3.61  16.99 
         
II 
0% 79.92  1.43  0.72  0.02  17.91 
25% 79.66  1.32  0.71  0.33  17.98 
50% 78.08  0.80  0.98  2.05  18.09 
75% 77.24  0.60  0.40  3.11  18.65 
100% 76.39  0.52  0.30  3.46  19.33 
 
 
 
7.3.4.2 Gas product 
The gas composition arising from pyrolysis is dependent on the composition of the 
feedstock used. The main gases from the pyrolysis of wood biomass generally comprise 
CO, CO2, H2, CH4, C2H4, and C3H6, as well as minor amounts of other hydrocarbons; 
the main gas components detected from the pyrolysis of tyre are CO, CO2, H2S, H2, 
CH4, C2H4, C2H6, C3H6, C3H8, C4H6, C4H8, and C4H10 (Abnisa & Wan Daud, 2014). 
Among them, methane and hydrogen are considered important gaseous fuels because 
they are mainly responsible for the HHVs of gases. In scenario I, the generation of 
methane was clearly observed for all conditions of samples, whereas no hydrogen was 
detected in the obtained gases (see Figure 7.10). The percentage of methane in this 
scenario increased when the proportion of scrap tyres increased in the feedstock. The 
highest level of methane (27.5%) was observed for the pyrolysis of scrap tyre alone. 
This condition demonstrated that the contribution of methane mostly contributed to the 
presence of tyre in the feedstock. 
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Figure 7.9: HHV of char product 
 
 
As shown in Figure 7.10, the maximum methane production was obtained at a reaction 
time of 10–18 min. The addition of scrap tyres decreased the reaction time by 
maximizing methane production. The results from the pyrolysis of palm shell alone 
showed that the maximum percentage of methane was achieved at a reaction time of 
approximately 18 min, whereas the maximum methane production was recorded at 
16 min with 50% of scrap tyre in the feedstock. However, methane production gradually 
decreased with increasing reaction time (of up to 60 min). The pyrolysis experiments 
showed that a methane percentage of around 3% was obtained at 60 min. It should be 
noted that no hydrogen was produced during the process of scenario I.  
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Figure 7.10: Percentage of methane and hydrogen as a function of time, and the 
different ratios of scrap tyre in the feedstock at 500 °C 
 
 
 
 
Figure 7.11: Percentage of methane and hydrogen as a function of time, and the 
different ratios of scrap tyre in the feedstock at 800 °C 
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Figure 7.11 shows the result of gas composition obtained from scenario II at 800 °C. To 
increase the temperature from 500 °C to 800 °C in this scenario, an average time of 
14 min was needed; therefore, the data presented in Figure 7.11 were collected from the 
reaction time of 74 min. Data were collected continuously until a reaction time of 
45 min was reached (119 min). A discussion on gas composition released at 500 °C in 
scenario II was not provided because all findings in this scenario were similar to all 
findings in scenario I. Similar to scenario I (see Figure 7.10), around 3% of methane 
was observed in scenario II at 500 °C and 60 min. However, the increase in temperature 
in scenario II increased the percentage of methane again. Methane increased when the 
temperature reached 800 °C. This finding was observed clearly for the pyrolysis of the 
mixture of palm shell and scrap tyre. However, no increase in methane was found for 
the pyrolysis of pure scrap tyre in this scenario. The highest amount of methane at 
800 °C was approximately 10.96%, which was obtained from the co-pyrolysis of 75% 
palm shell and 25% scrap tyre. 
 
As shown in Figure 7.11, the increase in temperature in scenario II obviously 
contributed to hydrogen production. The highest percentage of hydrogen (20%) was 
detected for the co-pyrolysis of 75% palm shell and 25% scrap tyre. The increase in 
scrap tyre proportion decreased the percentage of hydrogen in the gas yield. No 
hydrogen was found in the pyrolysis of scrap tyre alone. The absence of hydrogen 
production from the pyrolysis of scrap tyre was also reported by Kaminsky et al. (2009). 
The authors noted that the gas fraction from the pyrolysis of tyre mainly contains 
methane, ethane, ethene, and propene. Most of the hydrogen compositions from their 
experiment were found to be lower than 1%. Their study was performed at various 
temperatures within the range of 598–780 °C using tyre rubber from trucks as a 
feedstock. 
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Figure 7. 12: Percentage of methane and hydrogen as a function of time at 800 °C 
for the pyrolysis of palm shell alone 
 
 
The hydrogen obtained in the current study was mainly caused by palm shell, thereby 
indicating that the presence of biomass in co-pyrolysis played an important role in 
yielding hydrogen. However, hydrogen from the pyrolysis of palm shell alone was only 
11.61% upon completion of the reaction time. To clarify this issue, an additional 
experiment was performed in which the reaction time was extended to 90 min. The 
results from additional analysis showed that hydrogen gas needed more time to initiate 
production. Figure 7.12 shows that hydrogen was produced at around 112 min, and the 
maximum hydrogen production (22.78%) was obtained at 134 min. The same trend was 
also observed for methane production. This finding showed that the presence of scrap 
tyre in the pyrolysis of biomass was significantly helpful in reducing the reaction time 
to maximize the production of methane and hydrogen. 
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7.4 Conclusions 
The addition of scrap tyre in the pyrolysis of biomass successfully improved the 
quantity and quality of the liquid. The increase in temperature after optimum conditions 
of co-pyrolysis slightly increased the liquid and gas, and decreased char. All liquid 
products from this experiment confirmed the presence of the aqueous phase, and the 
liquid was divided into several layers. Although the aqueous phase was detected in the 
liquid, this phase sharply decreased when the proportion of scrap tyres increased in the 
feedstock. Moreover, the increase in tyre in the feedstock also decreased the oxygen 
content, pH, and water content in the organic phases. The decrease in these contents was 
more evident with scenario II. Elemental analysis demonstrated that the contents of 
carbon and hydrogen in the organic phase significantly improved with increasing scrap 
tyre in the feedstock. Notably, the sulfur content also increased when scrap tyres were 
involved. In addition, the HHV of the organic phase from both scenarios showed a 
tendency to increase. The FTIR results proved that the addition of scrap tyres in the 
pyrolysis of palm shell was effective in reducing the domination of the O-H group. 
Unlike the liquid product, the addition of scrap tyres was not favorable for increasing 
the fuel characteristics of char. No improvement in the carbon and hydrogen contents in 
char was observed during the co-pyrolysis of palm shell and scrap tyre. However, the 
char samples exhibited HHVs comparable with those of some coals, so they could still 
be considered for use as alternative solid fuels. For gas products, the results also showed 
that the addition of scrap tyres contributed to methane production, whereas wood 
biomass was favored to produce hydrogen. The addition of scrap tyres in the pyrolysis 
of wood biomass was significantly helpful in reducing the reaction time to maximize the 
production of methane and hydrogen. 
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Based on the results, this study recommends that co-pyrolysis is a potential technique to 
develop for the generation of fuels from biomass waste. Stepwise co-pyrolysis could be 
considered as an alternative for optimizing the production of fuels from biomass waste. 
The mixture of palm shell and scrap tyre was found to be suitable and effective in 
promoting synergistic effects during pyrolysis. Notably, palm shell was selected as a 
model from lignocellulosic biomass, so it could be replaced with other lignocellulosic 
biomass. Scrap tyre was added to improve the quantity and quality of liquid produced 
from the pyrolysis of lignocellulosic biomass. Therefore, scrap tyre could be regarded 
an additive material, and its proportion was designed to be less than that of the main 
feedstock (lignocellulosic biomass). The co-pyrolysis of 50% biomass and 50% scrap 
tyre is recommended because of the following considerations: (a) the amount of 50% of 
scrap tyre in the feedstock significantly improved liquid and byproducts; and (b) the 
generation of waste tyre was generally found to be lower than that of lignocellulosic 
biomass. Therefore, the limited source of additive material is expected to be sufficient 
for the amount of lignocellulosic biomass available. Some tyre wastes are necessary for 
recycling purposes. 
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CHAPTER VIII 
RECOVERY OF LIQUID FUEL FROM THE AQUEOUS PHASE OF 
PYROLYSIS OIL BY USING CATALYTIC CONVERSION 
 
 
 
8.1 Introduction 
Currently, developments in the production of pyrolysis oil as a renewable liquid fuel 
from biomass are attracting increasing attention in the renewable energy research 
community. One important reason for this interest is the abundant amount of biomass 
that is now available around the world. As a renewable source, biomass is easy to obtain 
in various forms (Ertaş & Hakkı Alma, 2010) and can be regenerated in a short period 
of time (Abnisa et al., 2011). Besides, the oil produced from biomass pyrolysis has 
received positive comments as a more environment-friendly fuel because it contributes 
to reducing the amount of CO2 in the atmosphere, which also has the effect of 
minimizing the emission of greenhouse gases (Li et al., 2009; Peng et al., 2009; Xu et 
al., 2010; Xu et al., 2009).  
 
Basically, the oil from pyrolysis of biomass consists of two different layers which are 
defined as the aqueous phase and organic phase (viscous oil phase). The aqueous phase 
can be obtained at the top layer of the pyrolysis oil, while the bottom layer is referred to 
as the organic phase. In the case of co-pyrolysis of biomass, the oil can be obtained in 
three different layers, where the middle layer is determined as aqueous phase (Samanya 
et al., 2012). Yields of aqueous phase vary in the range of 15 – 75 wt% of the total 
pyrolysis oil (Melero et al., 2012; Yang et al., 2013). The physical form of the aqueous 
phase is light brown in color and has a lower viscosity than the organic phase. Some 
studies have shown that the aqueous phase from pyrolysis oil generally has a high water 
content, measured in the range of 36 – 70 wt% (Abnisa et al., 2013a; Mercader et al., 
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2010). Sugars, organic acids, hydroxyacetone, hydroxyacetaldehyde, furfural, and small 
amounts of guaiacols are chemical compounds contained in the aqueous phase (Teella et 
al., 2011). 
 
Several methods have been developed to separate the aqueous and organic phases for 
various research purposes. Ertaş and Hakkı Alma developed a simple method using only 
a separatory funnel (Ertaş & Hakkı Alma, 2010). Bartero et al. performed the separation 
process by using a centrifuge maintained at 3200 rpm for 8 minutes (Bertero et al., 
2012). A study by Uçar and Karagöz (2009) conducted the separation by extracting the 
organic layer. The oil was mixed with diethyl ether, then the ethereal solutions obtained 
were dried over anhydrous sodium sulfate, filtered and evaporated in a rotary evaporator 
at 25 °C. Upon removal of the diethyl ether, this fraction was weighed and called 
organic oil. Xiu et al. separated the aqueous phase by filtration under vacuum through a 
glass fiber filter (Xiu et al., 2010).  
 
Many studies have performed an upgrading process to obtain liquid fuel from the 
organic phase of pyrolysis oil (Adjaye & Bakhshi, 1995; Carlson et al., 2008; French & 
Czernik, 2010; Samolada et al., 1998; Sharma & Bakhshi, 1993; Vitasari et al., 2011). 
However, no literature was found on the direct utilization of the aqueous phase for 
liquid fuel production. The high water content may be a reason why this phase is not 
getting attention for further study of liquid fuel production. In 2011, some research 
work tried to use the aqueous phase of pyrolysis oil to produce acetic acid and hydrogen 
gas. Teella et al. studied the extraction of acetic acid from the aqueous phase of fast 
pyrolysis bio-oil by a separation process using nanofiltration and reverse osmosis 
membranes (Teella et al., 2011). A similar study was conducted by Resrendra et al. 
(2011), where the recovery of acetic acid was performed by reactive extraction using tri-
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n-octylamine. Meanwhile, the production of hydrogen has been studied by Medrano et 
al. (2011) and Zhang et al. (2011) through the process of catalytic steam reforming in a 
fluidized bed reactor.  
 
However, it is important to conduct research to obtain an overview of how much liquid 
fuel can be produced from the aqueous phase. Catalytic cracking is a technique that can 
be selected for this purpose, and is known as a cheaper process since it is performed in 
low-pressure conditions (Vitolo et al., 2001) with no need for complicated equipment or 
reactor plugging in the proposed process. In application, there are two types of catalytic 
cracking: off-line catalytic cracking which uses pyrolytic oil as raw material, and on-
line catalytic cracking which uses pyrolysis vapors as raw material (Hew et al., 2010). 
Zeolite or silica-alumina is an acidic catalyst that is frequently used to support this 
process. The positive performance of zeolites on upgrading the pyrolytic oil has been 
widely studied by many researchers (Adjaye & Bakhshi, 1995; Horne & Williams, 
1996; Samolada et al., 2000; Williams & Brindle, 2002). Strong acidity, high activities 
and shape selectivity are the characteristics of this catalyst, which enables a high level 
of conversion of oxygenated compounds to hydrocarbons (Williams & Horne, 1995). 
 
The objective of this study was to determine the yield of liquid fuel that can be 
produced from the aqueous phase of pyrolysis oil. Two different HZSM-5 catalysts 
were used to support the catalytic conversion with condition temperatures set at 405, 
455, 505 and 555 °C. The oil product was then characterized using several laboratory 
instruments to obtain an overview of their chemical and physical properties. 
 
187 
 
8.2 Experimental 
8.2.1 Raw material of pyrolysis oil  
The pyrolysis oil used in this study was produced from pyrolysis of 200 g palm shell at 
a temperature of 500 °C, as described in previous work conducted by Abnisa et al. 
(2013a). The oil was then separated into two phases based on a procedure developed by 
Bartero et al. (2011a). The physical and chemical properties of the aqueous phase of the 
pyrolysis oil are listed in Table 8.1.  
 
Table 8.1: Physical and chemical properties of aqueous phase of pyrolysis oil 
Properties  Value Unit 
Viscosity at 50 °C  1.9 cP 
pH  2.5  
Density at 24
 
°C 1051 kg/m3 
Elemental composition (wet basis) 
C  15.30 wt % 
H  11.58 wt % 
N  0.16 wt % 
Oa  72.90 wt % 
S 0.06 wt % 
High Heating Value (HHV)  14.24 MJ/kg 
Water content  53 wt % 
Elemental composition (dry basis)   
C 32.55 wt % 
H 12.00 wt % 
O 54.98 wt % 
a By difference 
 
8.2.2 Preparation and characterization of catalysts 
In this study, two different commercial zeolites are used as catalysts to perform the 
cracking process. The first zeolite contains a silica-alumina ratio of 50 (HZSM-5/50). It 
was supplied by Zeolyst International, London, UK. The zeolite was received in NH4-
exchanged form. To remove the ammonia, the catalyst was heated for 60 min in a 
stream of nitrogen at 500 °C. The second catalyst used in this study is the zeolite 
HZSM-5/70. This catalyst was supplied by Acros Organics, New Jersey, USA. 
188 
 
Table 8.2: Properties of the catalysts after the pressing process 
Product Zeolite SiO2/Al2O3 mole Ratio 
Nominal cation 
form 
Surface area 
(m2/g) 
Total pore 
volume (cm-3/g) 
HZSM 5/50 50 Ammonium 315 0.16 
HZSM 5/70 70 Hydrogen 159 0.11 
 
 
Prior to use, both of the catalysts were compacted using a press machine with a pressure 
of 20 tons. The catalyst was filled into a square-shaped mold which was made from 
stainless steel. For each catalyst, the pressing process was held for 15 min. Then, the 
compacted catalyst was crushed and sieved with 1-2 mm. These works were performed 
to prevent loss of the catalyst from the catalyst bed in the reactor during the process. 
The properties of the zeolite catalysts after the pressing process are shown in Table 8.2. 
The surface area of the catalyst was determined using the Brunauer-Emmett-Teller 
(BET) method with a Quantachrome Autosorb-1 instrument using nitrogen gas at -196 
°C.  
 
Figure 8.1: NH3-TPD profiles of the zeolite catalysts 
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Furthermore, the acidic properties of catalysts were characterized by the temperature 
programmed desorption of ammonia (NH3-TPD), using a ChemiSorb 2720 
(Micromeritics). The result of NH3-TPD profiles for both catalysts are shown in Figure 
8.1. As can be seen from Figure 8.1, both of catalysts exhibit two NH3-desorption peaks 
which were generally observed in two temperature regions referred to as low-
temperature and high temperature region, respectively. One strong peak around 220 °C 
was assigned to the desorption of NH3 from the weak acid sites, while another peak of 
NH3-TPD around 440 °C corresponded to the desorption of NH3 from the strong acid 
sites (Gong et al., 2011). Moreover, it clearly observed that the intensity of peak areas is 
reduced significantly with an increasing of Si/Al ratio from 50 to 70, indicating the 
reduced acid amount and strength with an increasing Si/Al ratio. This finding is in 
agreement with previous studies (Ali et al., 2003; Shirazi et al., 2008). 
 
The use of HZSM-5 catalysts has gained interest in many studies of catalytic upgrading 
processes. The catalyst also has been used widely for fluid catalytic cracing in refining 
industry. However, the performance of this catalyst has been hindered by its rather low 
stability, in other words its tendency for deactivation. The catalyst deactivation is 
mainly caused by the carbon deposition on the catalyst during the conversion of 
pyrolysis oil. According to Bi et al. (2013), the regeneration of the deactivated catalyst 
can be achieved by the coke burn-off method. Nevertheless, to obtain the optimum 
performance, the regeneration of the deactivated catalyst cannot be performed 
repeatedly. Guo et al. noted that catalytic activity changes moderately during the first 
three times of regeneration, while catalysts are gradually deactivated by the repeated 
regenerations after three times (Xiaoya Guo et al., 2009). Similar observations were also 
reported by Vitolo et al. who studied the behavior of the HZSM-5 catalyst when used in 
repeated upgrading-regenerating cycles (Vitolo et al., 2001). 
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8.2.3 Experimental Set-up 
The experiments were conducted using a fixed-bed reactor in a batch process at 
atmospheric pressure. The height and inside diameter of the reactor were 550 mm and 
10 mm, respectively. Figure 8.2 shows the detailed description of the experimental set-
up of the catalytic conversion. The reactor was loaded by placing 0.2 g quartz wool as a 
support for the catalytic bed, followed by filling 10 g of catalyst and finally closed by 
placing 0.2 g of quartz wool on top of the catalyst.  
 
The experiment was started by heating the catalyst at 200 °C for 60 minutes to obtain an 
anhydrous condition. Then the temperature was set to the desired condition (405, 455, 
505 and 555 °C) in a stream of nitrogen at a heating rate of 10 °C/min. When the 
temperature of the reactor was reached, the nitrogen flow stopped. The aqueous phase 
was injected into the vertical reactor with a flow rate of 1.051 g/min using a peristaltic 
pump. Each run lasted for about 30 min and was performed in triplicate. 
 
 
Figure 8.2: Flow diagram of experimental set-up for catalytic conversion of 
aqueous phase 
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During the process, the aqueous phase was evaporated due to the effect of the thermal 
conversion at reactor temperature. As the initial effect of the thermal reaction, a solid 
residue was formed on the top layer of quartz wool, derived from some of the 
ingredients of the aqueous phase. Furthermore, the vapors from the evaporation of 
aqueous phase flowed down and into contact with the catalyst, then passed through the 
cooler tube at 5 °C and finally flowed into an ice trap apparatus to condense as a liquid 
product. As a consequence, impurities were deposited on the surface of the catalyst and 
the presence of coke was indicated.  
 
In this study, the amount of non-condensable gases was determined by the difference 
between the total weight of the aqueous phase (feed) and other products (oil, water, 
char, tar, and coke). Some preliminary studies have been conducted to measure the CO2 
released from the non-condensable gas and the results showed that more than 5000 ppm 
of CO2 was produced in all the experiments. The CO2 gas was recorded using a Vernier 
CO2 Gas Sensor. 
 
The liquid product was obtained in two immiscible layers which can be defined as oil 
and water fractions. The oil can be easily separated from the water fraction using a 
micropipette. After separation, both fractions were weighed separately and the obtained 
values were then calculated using Eq. 8.1. 
 
After each run, the spent catalyst, and the top and bottom quartz wool plugs were 
removed from the reactor. The solid residue that was deposited on the top quartz wool 
was defined as char. The char was calculated by the weight difference of the top quartz 
wool before and after the experiment. Afterwards, the internal surface of the reactor, the 
spent catalyst and the bottom plugs of quartz wool were washed with acetone and then 
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the acetone solution from the washing process was collected. After drying the acetone 
solution at 100 °C for 60 min, what remained of it was defined as tar. The catalyst that 
had been washed to define the tar was then used to obtain the coke. The catalysts were 
dried in an oven and heated in a furnace for 60 min at 100 °C and 60 min at 600 °C, 
respectively. The weight difference of the catalyst before and after heat treatment is 
termed as the amount of coke. To obtain the final percentage of products (oil, water, 
char, tar, and coke), all the yields that were obtained in this work were then calculated 
using equation (1): 
 
%100
(g)Feed
(g)Product
%)(WtYield        (8.1) 
 
In this work, each of experiments with different zeolites (HZSM-5/50 and HZSM-5/70) 
and different temperature conditions (405, 455, 505 and 555 °C) yielded oil, water, 
char, coke, tar and gas. The gas yield was assumed to be a CO2 fraction. The formation 
of CO2 is found to be dominant during the catalytic upgrading of pyrolysis oil (Park et 
al., 2012; Vitolo et al., 1999).  
 
8.2.4 Products Analysis 
The oil produced from catalytic cracking was analyzed by performing several tests. 
These included analysis of the water content, functional group composition analysis by 
Fourier transform infra-red (FTIR) spectroscopy, detailed chemical composition 
analysis of the oil using GCMS, elemental analysis (C, H, N, S and O) and 
thermogravimetric analysis. 
 
The Karl Fischer titration method was used to measure the water content. The 
measurement was performed using a Karl-Fischer 737 KF Coulometer from Metrohm. 
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HYDRANAL Coulomat AG (80 mL) and HYDRANAL Coulomat CG (5 mL) were 
used as anolyte and catholyte reagents, respectively. Fourier transform infra-red (FTIR) 
spectroscopy was used to classify the chemical types in the oil. The analysis was 
conducted using a Perkin Elmer Spectrum 400 spectrometer. The oil samples were 
pressed into a disc with 1 g of KBr, and then scanned in the range of 550 – 4000 cm-1 
with a resolution of 4 cm-1. The chemical compositions were determined by gas 
chromatography/mass spectroscopy (GCMS). The analysis was performed with an 
Agilent Technologies 7890A gas chromatograph equipped with an Agilent 5975C mass-
selective detector (mass spectrometer). High purity helium was used as the carrier gas at 
a constant flow rate of 1.0 mL/min. An Agilent HP-5 50 m column with an inner 
diameter of 0.32 mm and a film thickness of 0.25 µm was used in the GCMS. The 
analysis was started by heating the column at 50 °C and it was then kept isothermal for 
1 min and ramped to 270°C at a rate of 7 °C/min. This condition was held for 10 min. 
The volume of sample injected was about 1 µL. 
 
The elemental analysis of the oils was determined with the Model 2400 Perkin-Elmer 
Series II CHNS/O Analyzer. CHNS combustion tube and reduction tube were used for 
this determination. Each of the elemental values was used for calculating the molar 
ratios of H/C and O/C in the upgraded oils using the following equations: 
C
H
MWC
MWH H/C          (8.2) 
C
O
MWC
MWO O/C          (8.3) 
 
From the elemental analysis (wet basis), the dry elemental composition could be 
calculated by subtracting the contribution of  H and O originating from the water 
(Mercader et al., 2010):  
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The results of elemental analysis are also used for calculating the high heating value 
(HHV). In this study, the HHV was calculated following equation (8.7) which is the 
Dulong-type formula modified by Mott and Spooner  (Channiwala & Parikh, 2002). 
Generally, the formula is used for conditions in which the oxygen content is greater than 
15%.  
 
S0.0941OO)0.000720(0.153H1.418C0.336 (MJ/kg) HHV   (8.7) 
 
The recovery rate of carbon (Crecovery) from the upgraded oils was determined as in 
equation (8.8): 
 
%001
basis)(dry contentcarbon  feed
basis)(dry contentcarbonoilupgradedyieldoilupgraded Crecovery   (8.8) 
 
Thermogravimetric analysis of the raw pyrolytic oil and upgraded oil was performed 
using a thermogravimetric analyzer (TGA 4000, Perkin Elmer). The analysis was done 
under a nitrogen flow rate of 25 ml/min and heating rate of 40 °C/min.  
 
8.3 Results and Discussion 
8.3.1 Product yields  
The obtained products from the catalytic conversion are presented in Table 8.3. As can 
be seen, the oil yields from catalytic cracking of the aqueous phase ranged from 4 to 
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9.16 wt%, depending on the catalyst types and temperature conditions. The catalytic 
cracking using the HZSM-5/70 catalyst produced the highest yield of oil (about 9.16 
wt%) at a low temperature of 405 °C. However, the yield of oil was significantly less 
when using the catalyst HZSM-5/50, followed by a raised water yield. It is noted that 
proper selection of the catalyst in the catalytic conversion will more effectively separate 
the water and oxygenated compounds from the oil. According to Iliopoulou et al. 
(2007), a catalyst with a large surface area, relatively large pores, and mild-to-moderate 
acidity can be considered as promising for the catalytic conversion. In this study, the 
larger surface area and pore volume was observed with the HZSM-5/50 catalyst (refer 
to Table 8.2). Furthermore, the effect of temperature also plays an important role in 
recovering the liquid fuel from the aqueous phase of pyrolysis oil. The increase in 
process temperature leads to decreased oil yield. This condition was observed for both 
of the catalysts used in this study. Williams and Nugranad (2000) studied the catalytic 
pyrolysis of rice husks and found a similar decrease in the oil production with increased 
pyrolysis temperatures.   
 
Figure 8.3 shows a comparison of the physical appearance of oils after catalytic 
cracking using two different catalysts at a temperature of 555 °C. The oil obtained from 
HZSM-5/70 is shown in black and is present at the bottom layer, while the water 
obtained at the upper layer is light yellow in color. By contrast, the use of HZSM-5/50 
catalyst resulted in oil obtained at the upper layer and the water is shown as colorless. In 
addition, a distinctive aromatic odor similar to gasoline was detected for the oil 
produced from HZSM-5/50.  
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Table 8.3: Product yields from the catalytic cracking of aqueous phase using 
HZSM-5/50 and HZSM-5/70 
Catalyst Temperature 
Yield (wt %) 
Oil Water Char Tar Coke Gasa
HZSM 5/50 405 7.46 51.88 5.43 3.63 9.48 22.12 
 455 6.19 53.14 3.77 3.81 8.27 24.82 
 505 4.67 56.02 2.74 2.78 7.90 25.89 
 555 4.00 55.82 2.38 2.57 7.75 27.48 
        
HZSM 5/70 405 9.16 43.72 5.01 4.69 7.19 30.23 
 455 9.01 44.83 4.34 4.66 6.51 30.65 
 505 8.18 46.38 3.97 3.79 7.05 30.63 
  555 7.31 46.85 3.99 3.62 7.24 30.99 
a By difference  
 
 
 
 
Figure 8.3: Comparison of oil yields after catalytic conversion with different 
catalysts at a temperature of 550 °C 
 
 
As can be seen in Table 8.3, the water was observed to be the highest percentage of 
products obtained from the catalytic conversion. The result is in good agreement with 
our previous work (Abnisa et al., 2013a), where we observed that the aqueous phase 
produced from palm shell was dominated by the water content (about 53 wt%). 
Furthermore, the elevation in the temperature also plays an important role in increasing 
the yield of water. The experiment which used the HZSM-5/50 catalyst showed that the 
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formation of water increased from 51.88 to 55.82 wt % when the temperature was 
increased from 405 to 555 °C. Sharma and Bakhshi (1993) studied the catalytic 
upgrading of pyrolysis oil at atmospheric pressure using HZSM-5 as catalyst. The 
upgrading was done in the temperature range of 340 – 410 °C in a fixed bed micro-
reactor. Their results showed that the increase in temperature caused an increase in 
water yield.  
 
During the process, the solid carbonaceous material that was identified as a char was 
formed above the catalyst bed (the top quartz wool). For the HZSM-5/50 catalyst, the 
results showed that the char was reduced from 5.43 wt % at 405 °C to 2.38 wt% at 555 
°C, as the pyrolysis temperature increased. In this study, the highest char yield was 
observed at low reaction temperature. Pütün et al. (2006) noted that increasing the 
temperature in the catalytic upgrading process will have the effect of increasing the 
yield of conversion while decreasing the yield of char.  
 
As undesirable byproducts, the yield of tar obtained was in the range of 2.57 – 4.69 
wt%, while the yield of coke was in the range of 6.51 – 9.48 wt%. As can be seen from 
Table 8.3, both of these products were influenced by the operating temperature, with 
increasing temperature leading to a decrease in the tar and coke yields. These 
observations are in agreement with the study reported by Vitolo et al. (Vitolo et al., 
2001). According to Phuphuakrat et al. (2010), the decrease in tar caused by the high 
temperature of the process had the benefit of increasing the gas production. Their 
conclusion is in good agreement with the yield of gas that is evident in Table 8.3, where 
the yield of gas was increased as the tar decreased. Furthermore, the proportion of coke 
was observed to be higher than the byproducts of char and tar. As described in the 
literature, the coke may result from the polymerization of some of the primary organic 
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vapors which occurred during the catalytic reactions (Zhang et al., 2009). On the other 
hand, some of the aromatic compounds, particularly furans, might also undergo 
polymerization to form coke (Carlson et al., 2011). However, the presence of coke 
deposited on the catalyst surface is undesirable since it can lead to deactivation of the 
catalyst. In this study, the decrease of coke with respect to an increase of temperature 
was clearly shown for both catalysts. A similar tendency of coke decreasing has also 
been reported in another study (Williams & Nugranad, 2000).  
 
 
 
Figure 8.4: Effect of temperature on water content in the oils after catalytic 
conversion  
 
 
8.3.2 Characteristics of the produced oil 
8.3.2.1 Water content in the produced oil 
The results of water content analysis of the oils produced under different zeolite 
catalysts are shown in Figure 8.4. During the process, a decrease in water content 
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caused by an increase in temperature was clearly observed for all experiments. 
However, significant reduction of water content in the oil obtained was only observed 
when using the catalyst HZSM-5/50 at a temperature of 555 °C, where its value was 
about 3.97 wt%. Hilten et al. (2010) noted that the reduction of water content in 
catalytic cracking was due to the formation of hydrocarbons. As reported by Sharma 
and Bakhshi (1993), a small amount of water content will still remain in the oil after 
catalytic cracking, which is approximately 2 – 5 wt%.  
 
8.3.2.2 Functional group compositional analysis 
Comparison of the FTIR spectra results of the aqueous phase of pyrolysis oil and oils 
after cracking obtained at a temperature of 555 °C by using HZSM-5 catalysts are 
shown in Figure 8.5a. In this study, different wavelengths of the absorbed light were 
observed, which indicates that they have dissimilar characterization of the chemical 
bonds. Figure 8.5a clearly shows that some of the oxygenated groups are still present in 
the oils after cracking. The presence of oxygen in the oil was represented by the O-H 
stretching vibrations between 3200 and 3400 cm−1, which indicated phenols and 
alcohols. However, some of the peaks indicated as oxygenated groups disappeared from 
the upgraded oil that was produced using the HZSM-5/50 catalyst. These are detected in 
the range of 1650 – 1850 cm−1 and 1000 – 1300 cm−1. The peaks between 1650 and 
1850 cm−1, which are related to C=O stretching, indicate the presence of ketones, 
carboxylic acids, and aldehydes. The C-O stretching vibration in the range of 1000 – 
1300 cm−1 was identified as alcohols and esters. The two low intensity peaks at 2350 
cm−1 that are shown by the aqueous phase of the pyrolysis oil are due to the CO2 
presence in the air during the analysis. In addition, the spectrum of the oil yielded from 
HZSM-5/50 showed the emersion peaks between 2850 and 3100 cm−1. Several distinct 
peaks in the range of 2850 – 3000 cm−1 were identified as alkanes that are represented 
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by the C-H stretching vibration. The single medium peak due to =C-H stretching 
vibration that is shown in the range of 3010 – 3100 cm−1 was indicated as alkenes.  
 
Figure 8.5: (a) FTIR spectra of aqueous phase and the oils after catalytic 
conversion at a temperature of 555 °C. (b) FTIR spectra of distilled water and the 
produced water after catalytic conversion at a temperature of 555 °C 
 
In addition, the FTIR analysis was also used to identify the remaining chemicals in the 
produced water after the cracking process, which was obtained at a temperature of 555 
°C. The IR spectrum of distilled water was used as a reference to compare the purity of 
the produced water after the process of catalytic cracking. From Figure 8.5b it can be 
a
b
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seen that the produced water from the HZSM-5/50 catalyst has similar spectrum with 
distilled water, while the produced water from the HZSM-5/70 still clearly showed the 
presence of alcohols, acids, and esters which represented by the C-O stretching 
vibration in the range of 1000 – 1320 cm−1. It is explained that the catalyst which has 
good performance in catalytic conversion will produce more pure water. 
 
8.3.2.3 GCMS Analysis 
In this study, GCMS analysis was carried out to get an idea of the nature and type of 
compounds that are in the obtained oils. The detected compounds were identified by 
search in MS library database and the results are listed in Table 8.4. However, since 
more than 100 peaks were detected, only the peaks with a high degree of probability (≥ 
80%) and peak areas around or greater than 0.2% are included in the list. During the 
analysis, several compounds that could be grouped into aromatics, ketones, acids, 
furans, and phenols were detected in the oils obtained from the catalytic conversion.  
 
Table 8.4: Compounds in the produced oils as identified by GCMS analysis 
Group Compounds 
Identified compounds (%) 
Fee
d 
HZSM-5/50 HZSM-5/70 
  405 455 505 555   405 455 505 555 
Aromatics Indane 0.68 1.48 1.65 1.52 
Indan, 1-methyl- 1.81 2.38 2.55 2.48 
Indene 1.94 
1H-Inden-5-ol, 2,3-dihydro- 0.53 
1H-Indene, 1,3-dimethyl- 2.83 1.21 
1H-Indene, 2,3-dihydro-4,7-
dimethyl-  1.56         
1H-Indene, 2,3-dihydro-4-methyl- 0.52 1.16 2.24 
1H-Indene, 2,3-dihydro-1,3-
dimethyl-   1.37        
Benzene, 1,2,3-trimethyl- 2.89 7.39 6.04 4.03 0.61 
Benzene, 1,3-dimethyl- 0.83 0.2 4.07 0.21 
Benzene, 1-ethyl-2-methyl- 2.48 5.94 4.55 3.49 0.42 
Benzene, 4-ethyl-1,2-dimethyl- 0.25 
Benzene, 1-methyl-2-(1-
methylethyl)-    0.27     
Benzenemethanol, 4-(1-
methylethyl)-    1.21     
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Benzene, (1-methylethyl)- 0.20 
Benzene, methoxy- 0.73 0.21 0.36 0.56 
Benzene, cyclopropyl- 0.23 
Benzaldehyde, 4-hydroxy-3,5-
dimethoxy-       0.67 0.58 0.75 0.54 
Ethylbenzene 0.35 
1,1':3',1''-Terphenyl, 5'-phenyl- 0.25 
Naphthalene 2.51 3.98 
Naphthalene, 1,4,5-trimethyl- 0.93 
Naphthalene, 1,4,6-trimethyl- 1.05 0.61 0.33 
Naphthalene, 1,4-dimethyl- 0.49 0.25 1.11 
Naphthalene, 2,6-dimethyl- 0.43 
Naphthalene, 2,7-dimethyl- 2.43 2.57 2.27 2.12 0.55 1.52 
Naphthalene, 1-methyl- 0.52 
Naphthalene, 2-methyl- 1.32 2.35 3.52 7.17 0.43 
Naphthalene, 1-ethyl- 0.55 0.94 1.30 
Naphthalene, 2-(1-methylethyl)- 1.22 1.09 
Naphthalene, 2-methyl-1-propyl- 0.27 
Naphthalene, 2,3,6-trimethyl- 0.91 
o-Xylene 0.78 5.53 3.66 1.43 
2-Naphthalenol 0.99 1.58 2.22 
p-Xylene   9.23 14.4 
10.7
6      
Anthracene 0.73 0.68 0.46 
Phenanthrene, 1-methyl- 0.47 
Phenanthrene, 2-methyl- 0.71 
.alpha.,.beta.,.beta.-Trimethylstyrene 0.85 
1,1'-Biphenyl, 2-ethyl- 0.20 
4-Hydroxy-3-methylacetophenone 0.36 
9H-Fluorene, 2-methyl- 0.33 
 5-tert-butylpyrogallol 4.02 
4-Methoxy-2-methyl-1-
(methylthio)benzene        1.54 
Ketones 2-Cyclopenten-1-one 0.45 1.68 1.53 
2-Cyclopenten-1-one, 2-methyl- 0.44 0.24 0.33 0.39 0.38 
2-Cyclopenten-1-one, 3-methyl- 0.22 
Ethanone, 1-(4-hydroxy-3,5-
dimethoxyphenyl)-       1.16 0.90 0.24 0.51 
2-Propanone, 1-(4-hydroxy-3-
methoxyphenyl)- 0.20        
Acids Benzoic acid, 4-hydroxy- 2.59 
Benzoic acid, 4-hydroxy-3-methoxy- 3.96 3.03 
Hexadecanoic acid, methyl ester 0.25 
Furans Furfural 3.61 1.31 2.51 1.86 
2-Furancarboxaldehyde, 5-methyl- 0.66 
Phenols Phenol 
47.5
3 
21.7
9 7.81 
10.7
2 
11.1
8  33.5 
33.7
1 
35.2
3 29.42 
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Phenol, 2,3,5-trimethyl- 1.79 
Phenol, 3,4,5-trimethyl- 0.82 
Phenol, 2,6-dimethoxy- 
11.2
4 4.57    9.99 
10.6
8 9.55 6.68 
Phenol, 2,5-dimethyl- 7.90 
Phenol, 2-methoxy- 5.24 
10.4
5    9.05 9.33 
10.6
1 3.18 
Phenol, 2-methoxy-4-methyl- 5.45 8.10 6.3 6.30 7.63 7.59 
Phenol, 3-methoxy-2-methyl- 0.32 0.54 
Phenol, 3,4-dimethyl- 1.59 0.72 0.69 
Phenol, 3,5-dimethyl- 0.46 3.17 
Phenol, 2-ethyl-5-methyl- 0.68 
Phenol, 3-ethyl- 0.47 2.19 4.77 6.4 0.39 0.38 0.89 
Phenol, 3-ethyl-5-methyl- 3.94 2.72 1.96 
Phenol, 2-methyl- 7.82 6.47 6.37 0.51 7.67 
Phenol, 3-methyl-  5.93 9.78 9.78 
11.4
7  1.78    
Phenol, 2-(1-methylethyl)-, 
methylcarbamate  1.37       
Phenol, 3,5-dimethyl-, 
methylcarbamate    4.83       
Phenol, 4-ethyl-2-methoxy- 3.18 4.3 4.17 4.62 3.05 
Phenol, 4-methyl- 1.62 3.89 5.03 8.83 
Eugenol 0.50 
Vanillin 0.20 0.22 0.46 0.36 
1,2-Benzenediol 0.77 0.23 1.25 2.20 
1,2-Benzenediol, 3-methyl- 0.83 
             
Esters Acetic acid, phenyl ester   0.20         
Sugars D-Allose 2.51 
.beta.-D-Glucopyranose, 1,6-
anhydro- 0.73          
Total (%) 86.69
77.5
9
84.2
4
89.8
8
96.0
7  
77.6
8 
74.3
4 
80.2
9 84.12 
 
 
 
Many of the compounds identified in the oils are phenols and aromatics. The results 
from Figure 8.6a shows that the oil obtained from HZSM-5/70 at a temperature of 505 
°C yielded the highest area of phenols (more than 70%), of which most were phenol 
(29.42%). For HZSM-5/50 catalyst, the highest area of phenols was observed for a 
condition temperature of 405 °C, and the main contribution, 21.79%, was the phenol 
area (refer Table 8.4). According to literature, the levels of phenols were found to be 
higher in pyrolysis oil of biomass. Lim and Andrésen (2011) performed a study on the 
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composition of chemical compounds in pyrolysis oil produced from empty fruit bunches 
using GCMS, and the results showed that the most abundant compound detected was 
phenols. Duman et al. (2013) also support this finding in their study of two-step 
pyrolysis of safflower oil cake.  
 
 
 
a
205 
 
 
 
 
Figure 8.6: Distribution of chemical classes for the produced oils after catalytic 
conversion according to their area percentage (a) and number of compounds 
identified (b) 
 
 
As seen from Figure 8.6a, aromatics were found to be the second most dominant species 
in all the obtained oils. However, a high percentage area of aromatics was only observed 
for the HZSM-5/50 catalyst, ranging from 21.62% to 53.25%. The greatest proportion 
of aromatics in the oils was mostly derived from indene, benzene, and naphthalene 
(refer to Table 8.4). The formation of these compounds was also observed in the study 
of catalyst evaluation for catalytic biomass pyrolysis that was conducted by Samolada et 
al. (2000). Moreover, it was clearly observed that the increase in process temperature 
causes the increment of aromatic compounds, particularly for naphthalene. Mathews et 
al. (1985) concluded that the use of HZSM-5 catalyst in the pyrolysis of biomass 
yielded an abundance of naphthalene and it occurred most effectively when the 
temperature was increased from 450 to 650 °C.  
 
In this study, phenols and aromatics were confirmed as the compounds with the highest 
concentration in the oils, whilst the concentrations of ketones, acids, furans, and esters 
b
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were found to be low. Amongst these, ketones have a slightly higher concentration in 
the oil obtained from catalytic cracking with the HZSM-5/70 catalyst. As can be seen in 
Table 8.4, the highest concentration of ketones obtained was around 2.42% for a 
temperature of 555 °C, while no ketones were found in the oil obtained from the 
HZSM-5/50 catalyst at the same temperature. This result is in agreement with the result 
from FTIR analysis, where no peaks were found between 1650 and 1850 cm−1 for the 
oil obtained from the HZSM-5/50 catalyst at a temperature of 555 °C (see Figure 8.5a). 
Ketones come from pyrolysis of hemicellulose (Rui et al., 2010) and their presence 
makes the oil hydrophilic and highly hydrated, which also creates difficulties in 
eliminating water from the bio-oil (Imam & Capareda, 2012). Clearly, Figure 8.3 has 
confirmed this finding, where the oil obtained from the HZSM-5/70 catalyst is still at 
the bottom layer and the color of the water is still yellowish. 
 
Figure 8.6b presents an overview of the proportion of each group of compounds by 
referring to the number of compounds. The use of HZSM-5/50 catalyst resulted in high 
numbers of aromatic compounds. Increasing the temperature from 405 °C up to 555 °C 
also had a significant effect in increasing the number of aromatic compounds. Sixteen 
compounds of aromatics were obtained at 405 °C, while 22 compounds were detected at 
temperature of 555 °C. Furthermore, the oils obtained from catalytic cracking using 
HZSM-5/70 yielded more phenol compounds. Temperatures of 405 °C, 505 °C, and 555 
°C yielded 11 compounds, while temperatures of 455 °C yielded 10 different 
compounds of phenols. Aromatics were found to vary depending on temperature: 2 
compounds at a temperature of 405 °C, 3 compounds at a temperature of 455 °C, 4 
compounds at a temperature of 505 °C, and 10 compounds at a temperature of 555 °C.  
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Table 8.5: Elemental analysis of the produced oils 
Catalyst Temperature Elemental analysis (wt%) 
Carbon Hydrogen Nitrogen Sulfur Oxygena 
HZSM 5/50 405 62.18 9.35 0.64 0.27 27.56 
 455 66.20 9.57 1.08 0.26 22.89 
 505 74.77 9.96 0.66 0.35 14.26 
 555 76.87 10.05 1.12 0.36 11.60 
       
HZSM 5/70 405 47.47 8.94 0.91 0.18 42.50 
 455 49.91 9.26 0.80 0.18 39.85 
 505 52.02 9.32 0.77 0.16 37.73 
  555 55.84 9.30 0.61 0.20 34.05 
a By difference 
 
8.3.2.4 Elemental analysis 
Table 8.5 shows the elemental analysis results of the catalytic cracking of the aqueous 
phase of pyrolysis oil using the HZSM-5/50 and HZSM-5/70 catalysts. The main 
purpose of the catalytic cracking is to remove the oxygenated compounds in the 
aqueous phase which has the effect of an increase in hydrocarbon products. From Table 
8.5 it can be seen that more than 48.12 wt% of oxygen content in the aqueous phase was 
eliminated by the cracking process using the HZSM-5/50 catalyst. The oxygen content 
was continuously decreased till about 11.60 wt% with the highest pyrolysis temperature 
(555 °C). A similar tendency was also seen in catalytic cracking using the HZSM-5/70 
catalyst. However, the lowest oxygen content obtained was about 34.05 wt % at a 
temperature of 555 °C. Thus, the HZSM-5/50 catalyst was found to be more effective in 
removing the oxygen from the aqueous phase of pyrolysis oil than the HZSM-5/70 
catalyst.  
 
The carbon content of the oil obtained using the HZSM-5/50 or HZSM-5/70 catalysts 
was much higher (above 47 wt%) than that of the aqueous phase of the pyrolysis oil, as 
shown in Table 8.1. The hydrogen content in the oils produced from HZSM-5/50 was 
about 9.35 – 10.05 wt% over a temperature range of 405 – 555 °C, while in the oils 
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produced from HZSM -5/70 it was about 8.49 – 9.30 wt%. In addition, the nitrogen and 
sulfur contents were found to be low for all the oils obtained.  
 
Evaluation of the atomic ratios of H/C and O/C is important if the oil is to be used as a 
fuel.  Generally, an increase in H/C results in higher value products like gasoline (de 
Miguel Mercader et al., 2010), and vice versa with an increase in O/C. Duman et al. 
noted that the effect of deoxygenation activity in catalytic cracking is favorable, leading 
to an increase in the H/C ratio (Duman et al., 2013). Figure 8.7 shows the atomic ratios 
of H/C and O/C of the produced oils presented through a Van Krevelen diagram. 
However, as can be seen from Figure 8.7, an uncommon trend was observed, where a 
high value of H/C resulted from the oil produced from the HZSM-5/70 catalyst, which 
has a low performance of deoxygenation activity. In contrast to the HZSM-5/70, the 
increase in the temperature of the catalytic cracking using the HZSM-5/50 catalyst 
caused the values of H/C and O/C to trend downward to 1.56 and 0.11, respectively. 
This low H/C ratio is caused by the occurrence of water formation reactions. It suggests 
that the catalyst that has good cracking performance will produce greater water yield, 
which will be followed by a decrease in the H/C ratio. Mullen et al. (2013) noted that 
the major path of oxygen rejection from catalytic pyrolysis is through the formation of 
water, which leads to hydrogen loss and products with low H/C ratios. In addition, some 
researches have recognized that reduction of the H/C ratio indicates an enhancement of 
aromatic compounds in the oil product (Jae et al., 2011; Li et al., 2004; Meng et al., 
2011). This phenomenon is in agreement with the GCMS results presented in this paper 
(see Figure 8.6a).  
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Figure 8.7: Van Krevelen diagram of the oils after catalytic conversion at different 
temperatures 
 
   
 
 
a 
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Figure 8.8: (a) High heating values of the oils after catalytic conversion. (b) Carbon 
recovery of the oils after catalytic conversion  
 
The HHV is an important parameter to determine the energy content of the fuel. 
Estimating the HHV as a function of reaction temperature was concluded in Figure 8.8a 
by using the elemental composition of the oil. From this figure it can be seen that the 
HHV of the oils produced from HZSM 5/50 ranged from 30.51 to 38.44 MJ/kg, which 
was considerably higher than those for the oils produced from the HZSM 5/70 catalyst 
(23.44 – 27.59 MJ/kg). Furthermore, it is obvious that the HHV of the oils increases 
with the increment in reaction temperature. This result is in line with the work published 
by de Miguel Mercader et al. (2010). 
 
The results of carbon recovery illustrated in Figure 8.8b indicate that catalytic 
conversion with HZSM-5 catalysts decreases the carbon conversion of upgraded oils. 
For HZSM-5/50 catalyst, the carbon recovery of upgraded oil obviously decreases from 
b
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30.32% (405 °C) to 20.10% (555 °C). This finding is consistent with the findings of 
Gan and Yuan (2013) who studied the effect of the reaction temperature on carbon 
recovery of concorb hydrothermal conversion. They noted that the oil carbon recovery 
rate will be decreased as reaction temperature increased. Further, it also clearly seen that 
the decrease of carbon recovery of upgraded oil was also followed by the decrease of 
the upgraded oil yields (see Table 8.3). The decrease in percent of carbon as 
temperature increases can be explained by the decomposition of the oil to other products 
(char, tar, coke, and gas). 
 
8.3.2.5 Thermogravimetry analysis 
The TG analysis results of the raw aqueous phase and oils obtained after catalytic 
cracking at a temperature of 555 °C are shown in Figure 8.9. Increasing the temperature 
in the TG analysis resulted in reducing the weight of the aqueous phase by up to 74 wt% 
at temperatures around 50-150 °C. However, at the same temperature, the weight loss of 
oils after catalytic cracking was around 36 wt% and 31 wt% for HZSM-5/50 and 
HZSM-5/70, respectively. This phenomenon represents the volatilization of water and 
compounds with lower boiling points such as: phenanthrene, 2-methyl-; p-xylene; 
benzene, 1,3-dimethyl-; o-xylene; 1-buten-3-yne, 2-methyl-; and 2-cyclopenten-1-one. 
Hence, the aqueous phase, which has the highest content of water, shows the most 
significant weight loss.  
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Figure 8.9: TGA profile of aqueous phase and the oils after catalytic conversion at 
a temperature of 555 °C 
 
Furthermore, it can be observed that the major weight loss of obtained oils happens in 
the temperature range between 150 to 300 °C, where about 61 wt% of weight loss was 
obtained with HZSM-5/50 catalyst and 54 wt% of weight loss was obtained with 
HZSM-5/70 catalyst. The different in weight loss results are because the oil produced 
from HZSM-5/50 contained a lot of aromatics and phenols which have lower boiling 
points. Some of the compounds in the oil obtained with the HZSM-5/70 catalyst which 
have high boiling points are ethanone, 1-(4-hydroxy-3,5-dimethoxyphenyl)- (334.7 °C); 
anthracene (340 °C), phenol, 2-methoxy-4-methyl- (408.6 °C); benzoic acid, 4-hydroxy-
3-methoxy- (409 °C). In addition, a small part of the weight loss that occurred at 
temperatures between 500-800 °C was due to combustion of the carbonaceous residue 
(Vitolo et al., 1999).  
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8.4 Conclusion 
This study showed that the recovery of liquid fuel from the aqueous phase of pyrolysis 
oil was successfully performed using a catalytic conversion. The study also proved that 
the temperature has a significant effect on the product yields distribution during the 
catalytic conversion. A high temperature condition around 555 °C was found to be most 
suitable for catalysts to perform the deoxygenation activity, which caused an increase in 
the production of water and gas. However, the use of HZSM-5/50 at 555 °C was found 
to be the optimum condition to produce high quality liquid yield with the lowest water 
content (3.97 wt %) and the highest level of HHV (38.44 MJ/kg). The oil was also 
observed to have an abundant amount of aromatic compounds. Finally, it can be 
concluded that the characteristics of the oil produced using the HZSM-5/50 catalyst at 
555 °C are very close to heavy fuel oil and that it has the potential to be used as 
transport fuel. 
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CHAPTER IX 
CONCLUSIONS AND RECOMMENDATIONS 
 
 
9.1 Conclusions 
In this chapter, we tried to come up with several conclusions and recommendations 
based on the obtained results of this study. The results from the first objective showed 
that all of oil palm solid wastes can produce oil, char, and gas via the pyrolysis process. 
The pyrolysis of palm oil wastes yielded more bio-oil than bio-char or non-condensable 
gases. The variations in the yields were influenced by the differences in the relative 
amounts of cellulose, hemicellulose, lignin, volatiles, fixed carbon, and ash in the 
samples. Cellulose and hemicellulose have been found as significant compounds that 
affect oil yield production. The samples with higher lignin content might have relatively 
higher bio-char yield. Furthermore, the volatiles contents of all the oil palm solid wastes 
were high, which is favorable in producing more oil. More than 40 wt% of oil palm 
solid wastes can be converted into oil via the pyrolysis process at the following 
conditions: a temperature of 500 °C, a nitrogen flow rate of 2 L/min, and reaction time 
of 60 min. This research concluded that the yields of oils from the residues of palm oil 
mill activities are more attractive than those of residues from plantation activities. 
However, the oils were found acidic and contained high levels of oxygen.  
 
The results of the co-pyrolysis study concluded that the addition of plastic in the 
pyrolysis of lignocellulosic biomass successfully improved the quantity and quality of 
pyrolysis oil. In the co-pyrolysis technique, the oxygenated compound was clearly 
reduced in the oil, whereas the HHV of oil increased. All plastic types have high 
characteristics of volatile matter, which means that all types of plastic have the potential 
to produce a high liquid yield via pyrolysis. The oil yield of palm shell pyrolysis was 
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about 46.13 wt%. By mixing the palm shell with polystyrene, the yield of oil increased 
to about 61.63%. The oxygen content of oil was significantly changed from 71.40 wt% 
to 7.82 wt% when polystyrene was added in the pyrolysis of palm shell. The heating 
value was as high as 38.01 MJ/kg for oil from the pyrolysis of material mixtures. The 
hydrocarbon groups in the oil were mostly found in the form of aromatics and benzene, 
with percent areas of 39.59% and 32.99%, respectively. It should be noted that the use 
of palm shell waste as a source of biomass energy by producing pyrolysis oil has the 
potential to contribute 3.08 PJ/year to Malaysia’s energy supply. This number 
significantly increases to 13.12 PJ/year when polystyrene waste is added in the palm 
shell pyrolysis.  
 
In addition, the results of optimization study concluded that parameters such as 
temperature, feed ratio, and reaction time have important functions in the co-pyrolysis 
process. Among them, the ratio of feed was found to be the most significant variable in 
increasing oil yield. In this study, RSM was used to determine the optimum parameter 
and experimental design matrix according to the central composite design method. The 
polynomial model fits well to predict the response with high determination coefficient 
of R2 (0.972) and Q2 (0.610).  
 
Aside from plastic, scrap tyre is also a potential source to use as a co-feed in co-
pyrolysis to produce liquid fuel. The study of the co-pyrolysis of palm shell and scrap 
tyre showed that the addition of scrap tyre in the pyrolysis of biomass also successfully 
improved the quantity and quality of oil. The increase in temperature after the optimum 
conditions of co-pyrolysis slightly increased the amounts of oil and gas and decreased 
the content of char. Unlike the liquid product, the addition of scrap tyre was unfavorable 
in increasing the fuel characteristics of char. For gas products, the results showed that 
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the addition of scrap tyre contributed to methane production, whereas wood biomass 
was favorable to produce hydrogen.  
 
In addition, all liquid products from the pyrolysis of biomass alone and the co-pyrolysis 
experiment confirmed the presence of the aqueous phase, which makes the liquid 
divided into several layers. The aqueous phase contain many valuable compounds, 
which can be extracted for more beneficial purposes. In this study, the recovery of 
liquid fuel from the aqueous phase of pyrolysis oil was successfully performed using 
catalytic conversion. The oil yields obtained from the catalytic cracking of the aqueous 
phase ranged from 4 wt% to 9.16 wt%. The optimum performance of deoxygenation 
activity was obtained using the HZSM-5/50 catalyst at a temperature of 555 °C. The oil 
produced at the optimum conditions was dominated by aromatics and phenols and had 
an HHV of 38.44 MJ/kg. 
 
9.2 Recommendations 
Based on the results of this study, we recommend the use of the pyrolysis process in 
increasing the value of oil palm solid wastes in Malaysia. The oil from this process 
contained many valuable compounds that can potentially be used as a fuel or chemical 
feedstocks. Char can be used further for any application that uses coal, and the gas can 
be used to offset the total energy requirements of the pyrolysis process plant.  
 
Technically, to obtain a high liquid yield, the process can be set at moderated operating 
temperatures (~500 °C), high heating rate, and short vapor residence times. Hot vapor 
should be maintained at >400 °C before it enters the condensation unit. To obtain high-
grade pyrolysis oil, the co-pyrolysis technique can be used as an option. The fixed-bed 
reactor was found to be effective in achieving the synergistic effect during the co-
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pyrolysis process and was also relatively inexpensive, simple, and reliable. The suitable 
combination of feedstock in co-pyrolysis can include wood-based biomass with waste 
plastic or wood-based biomass with waste tyre. However, it should be noted that not all 
plastic types can be used in the process. PVC is not recommended as a feedstock 
material because it contains about 57% chlorine by weight, which will affect the diesel 
quality and can produce chlorinated hydrocarbons. Moreover, PVC thermally 
decomposes to hydrochloric acid, which is very corrosive and toxic. Furthermore, the 
addition of tyre in the pyrolysis of biomass could increase the sulfur content in oil. If the 
sulfur content in the oil is higher than the allowed standard, it needs to be desulfurized 
before it can be used for combustion. In addition, plastic or tyre waste can be called the 
additive material in the process. In this regard, the proportion of additive material was 
preferred to be less than that of the main feedstock (wood-based biomass). 
 
Although fuels from biomass, especially wood-based biomass, typically have a lower 
energy content than fossil fuels, the use of the co-pyrolysis technology can improve this 
condition. It can also be noted that the improvement was achieved without any change 
in parameter settings, without any catalysts or solvents, and free of hydrogen pressure. 
When the co-pyrolysis method is used, the volume biomass solid wastes becomes easy 
to control. It also contributes to reducing the landfill needed, decreasing the cost for 
waste treatment, and solving several environmental problems. 
 
 
 
 
 
 
218 
 
REFERENCES 
Abnisa, F., Wan Daud, W. M. A., & Sahu, J. N. (2011). Optimization and 
characterization studies on bio-oil production from palm shell by pyrolysis using 
response surface methodology. Biomass and Bioenergy, 35(8), 3604-3616. 
Abnisa, F., Wan Daud, W. M. A., Ramalingam, S., Azemi, M. N. B. M., & Sahu, J. N. 
(2013). Co-pyrolysis of palm shell and polystyrene waste mixtures to synthesis 
liquid fuel. Fuel, 108(0), 311-318. 
Abnisa, F., Arami-Niya, A., Daud, W. M. A. W., & Sahu, J. N. (2013a). 
Characterization of Bio-oil and Bio-char from Pyrolysis of Palm Oil Wastes. 
BioEnergy Research, 6(2), 830-840. 
Abnisa, F., Arami-Niya, A., Wan Daud, W. M. A., Sahu, J. N., & Noor, I. M. (2013b). 
Utilization of oil palm tree residues to produce bio-oil and bio-char via 
pyrolysis. Energy Conversion and Management, 76(0), 1073-1082. 
Abnisa, F., & Wan Daud, W. M. A. (2014). A review on co-pyrolysis of biomass: An 
optional technique to obtain a high-grade pyrolysis oil. Energy Conversion and 
Management, 87(0), 71-85. 
Abnisa, F., Daud, W. M. A. W., & Sahu, J. N. (2014). Pyrolysis of mixtures of palm 
shell and polystyrene: An optional method to produce a high-grade of pyrolysis 
oil. Environmental Progress & Sustainable Energy, 33(3), 1026-1033. 
Abnisa, F., Wan Daud, W. M. A., Arami-Niya, A., Ali, B. S., & Sahu, J. N. (2014b). 
Recovery of Liquid Fuel from the Aqueous Phase of Pyrolysis Oil Using 
Catalytic Conversion. Energy & Fuels, 28(5), 3074-3085. 
Aboulkas, A., El harfi, K., & El Bouadili, A. (2010). Thermal degradation behaviors of 
polyethylene and polypropylene. Part I: Pyrolysis kinetics and mechanisms. 
Energy Conversion and Management, 51(7), 1363-1369. 
Aboulkas, A., Makayssi, T., Bilali, L., El harfi, K., Nadifiyine, M., & Benchanaa, M. 
(2012). Co-pyrolysis of oil shale and High density polyethylene: Structural 
characterization of the oil. Fuel Processing Technology, 96(0), 203-208. 
Aboyade, A. O., Carrier, M., Meyer, E. L., Knoetze, H., & Görgens, J. F. (2013). Slow 
and pressurized co-pyrolysis of coal and agricultural residues. Energy 
Conversion and Management, 65(0), 198-207. 
Açıkalın, K., Karaca, F., & Bolat, E. (2012). Pyrolysis of pistachio shell: Effects of 
pyrolysis conditions and analysis of products. Fuel, 95(0), 169-177. 
Acıkgoz, C., Onay, O., & Kockar, O. M. (2004). Fast pyrolysis of linseed: product 
yields and compositions. Journal of Analytical and Applied Pyrolysis, 71(2), 
417-429. 
Adjaye, J. D., & Bakhshi, N. N. (1995). Catalytic conversion of a biomass-derived oil to 
fuels and chemicals I: Model compound studies and reaction pathways. Biomass 
and Bioenergy, 8(3), 131-149. 
219 
 
Agarwal, A. K. (2007). Biofuels (alcohols and biodiesel) applications as fuels for 
internal combustion engines. Progress in Energy and Combustion Science, 
33(3), 233-271. 
Ahmad, I., Ismail Khan, M., Ishaq, M., Khan, H., Gul, K., & Ahmad, W. (2013). 
Catalytic efficiency of some novel nanostructured heterogeneous solid catalysts 
in pyrolysis of HDPE. Polymer Degradation and Stability, 98(12), 2512-2519. 
Ahtikoski, A., Heikkilä, J., Alenius, V., & Siren, M. (2008). Economic viability of 
utilizing biomass energy from young stands - The case of Finland. Biomass and 
Bioenergy, 32(11), 988-996. 
Akhtar, J., & Saidina Amin, N. (2012). A review on operating parameters for optimum 
liquid oil yield in biomass pyrolysis. Renewable and Sustainable Energy 
Reviews, 16(7), 5101-5109. 
Akkaya, A. V. (2009). Proximate analysis based multiple regression models for higher 
heating value estimation of low rank coals. Fuel Processing Technology, 90(2), 
165-170. 
Ali, I., & Basit, M. A. (1993). Significance of hydrogen content in fuel combustion. 
International Journal of Hydrogen Energy, 18(12), 1009-1011. 
Ali, M. A., Brisdon, B., & Thomas, W. J. (2003). Synthesis, characterization and 
catalytic activity of ZSM-5 zeolites having variable silicon-to-aluminum ratios. 
Applied Catalysis A: General, 252(1), 149-162. 
Ali, M. F., Al-Malki, A., El-Ali, B., Martinie, G., & Siddiqui, M. N. (2006). Deep 
desulphurization of gasoline and diesel fuels using non-hydrogen consuming 
techniques. Fuel, 85(10-11), 1354-1363. 
Ali, M. F., & Siddiqui, M. N. (2005). Thermal and catalytic decomposition behavior of 
PVC mixed plastic waste with petroleum residue. Journal of Analytical and 
Applied Pyrolysis, 74(1-2), 282-289. 
Alias, R., Hamid, K. H. K., & Ismail, K. N. (2011). Co-pyrolysis and catalytic co-
pyrolysis of waste tyres with oil palm empty fruit bunches. Journal of Applied 
Sciences, 11(13), 2448-2451. 
Añón, J. A. R., López, F. F., Castiñeiras, J. P., Ledo, J. P., & Regueira, L. N. (1995). 
Calorific values and flammability for forest wastes during the seasons of the 
year. Bioresource Technology, 52(3), 269-274. 
Antal, M. J., & Grønli, M. (2003). The Art, Science, and Technology of Charcoal 
Production. Industrial & Engineering Chemistry Research, 42(8), 1619-1640. 
Arami-Niya, A., Wan Daud, W. M. A., S. Mjalli, F., Abnisa, F., & Shafeeyan, M. S. 
(2011). Production of microporous palm shell based activated carbon for 
methane adsorption: Modeling and optimization using response surface 
methodology. Chemical Engineering Research and Design, 90(6), 776-784. 
Asadullah, M., Anisur Rahman, M., Mohsin Ali, M., Abdul Motin, M., Borhanus 
Sultan, M., Robiul Alam, M., et al. (2008). Jute stick pyrolysis for bio-oil 
production in fluidized bed reactor. Bioresource Technology, 99(1), 44-50. 
220 
 
Asma, I. W., Mahanim, S., Zulkafli, H., Othman, S., & Mori, Y. Malaysia oil palm 
biomass, Forest Research Institute Malaysia, Regional workshop on 
UNEP/DTIE/IETC in collaboration with GEC, Osaka Japan, 2-5 March 2010. 
Ateş, F. (2011). Co-pyrolytic Behaviors of Agricultural Wastes. Energy Sources, Part 
A: Recovery, Utilization, and Environmental Effects, 34(2), 111-121. 
Aubin, H., & Roy, C. (1990). Study on corrosiveness of wood pyrolysis oils. Fuel 
Science and Technology International, 8(1), 77-86. 
Ayhan, D. (2004). Pyrolysis of municipal plastic wastes for recovery of gasoline-range 
hydrocarbons. Journal of Analytical and Applied Pyrolysis, 72(1), 97-102. 
Azeez, A. M., Meier, D., & Odermatt, J. (2011). Temperature dependence of fast 
pyrolysis volatile products from European and African biomasses. Journal of 
Analytical and Applied Pyrolysis, 90(2), 81-92. 
Aziz, R. F. (2013). Optimizing strategy for repetitive construction projects within multi-
mode resources. Alexandria Engineering Journal, 52(1), 67-81. 
Baş, D., & Boyacı, İ. H. (2007). Modeling and optimization I: Usability of response 
surface methodology. Journal of Food Engineering, 78(3), 836-845. 
Basu, P. (2010;). Chapter 3 - Pyrolysis and Torrefaction. Biomass Gasification and 
Pyrolysis. Academic Press, Boston, 65-96. 
Bernardo, M., Lapa, N., Gonçalves, M., Mendes, B., Pinto, F., Fonseca, I., et al. (2012). 
Physico-chemical properties of chars obtained in the co-pyrolysis of waste 
mixtures. Journal of Hazardous Materials, 219-220, 196-202. 
Berrueco, C., Ceamanos, J., Esperanza, E., & Mastral, F. J. (2004). Experimental study 
of co-pyrolysis of polyethylene/sawdust mixtures. Thermal Science, 8, 65-80. 
Bertero, M., de la Puente, G., & Sedran, U. (2012). Fuels from bio-oils: Bio-oil 
production from different residual sources, characterization and thermal 
conditioning. Fuel, 95(0), 263-271. 
Bi, P., Yuan, Y., Fan, M., Jiang, P., Zhai, Q., & Li, Q. (2013). Production of aromatics 
through current-enhanced catalytic conversion of bio-oil tar. Bioresource 
Technology, 136(0), 222-229. 
Bildirici, M. E. (2013). Economic growth and biomass energy. Biomass and Bioenergy 
50, 19-24. 
Bilgen, S., & Kaygusuz, K. (2008). The calculation of the chemical exergies of coal-
based fuels by using the higher heating values. Applied Energy, 85(8), 776-785. 
Brebu, M., & Spiridon, I. (2012). Co-pyrolysis of LignoBoostÂ® lignin with synthetic 
polymers. Polymer Degradation and Stability, 97(11), 2104-2109. 
Brebu, M., Ucar, S., Vasile, C., & Yanik, J. (2010). Co-pyrolysis of pine cone with 
synthetic polymers. Fuel, 89(8), 1911-1918. 
221 
 
Bridgwater, A. V., Zanzi, R., Sjöström, K., & Björnbom, E. (1993). Rapid Pyrolysis of 
Wood with Application to Gasification. In Advances in Thermochemical 
Biomass Conversion (pp. 977-985): Springer Netherlands. 
Bridgwater, A. V. (1999). Principles and practice of biomass fast pyrolysis processes for 
liquids. Journal of Analytical and Applied Pyrolysis, 51(1-2), 3-22. 
Bridgwater, A. V., Meier, D., & Radlein, D. (1999). An overview of fast pyrolysis of 
biomass. Organic Geochemistry, 30(12), 1479-1493. 
Bridgwater, A. V., & Peacocke, G. V. C. (2000). Fast pyrolysis processes for biomass. 
Renewable and Sustainable Energy Reviews, 4(1), 1-73. 
Bridgwater, A. V. (2003). Renewable fuels and chemicals by thermal processing of 
biomass. Chemical Engineering Journal, 91(2-3), 87-102. 
Bridgwater, T. (2006). Biomass for energy. Journal of the Science of Food and 
Agriculture, 86(12), 1755-1768. 
Bridgwater, A. V. (2012). Review of fast pyrolysis of biomass and product upgrading. 
Biomass and Bioenergy, 38, 68-94. 
Buckley, T. J. (1991). Calculation of higher heating values of biomass materials and 
waste components from elemental analyses. Resources, Conservation and 
Recycling, 5(4), 329-341. 
Buekens, A. G., & Schoeters, J. G. (1998). Technical methods in plastics pyrolysis. 
Macromolecular Symposia, 135(1), 63-81. 
Cao, Q., Jin, L., Bao, W., & Lv, Y. (2009). Investigations into the characteristics of oils 
produced from co-pyrolysis of biomass and tire. Fuel Processing Technology, 
90(3), 337-342. 
Carlson, T. R., Cheng, Y.-T., Jae, J., & Huber, G. W. (2011). Production of green 
aromatics and olefins by catalytic fast pyrolysis of wood sawdust. Energy & 
Environmental Science, 4(1), 145-161. 
Carlson, T. R., Vispute, T. P., & Huber, G. W. (2008). Green Gasoline by Catalytic Fast 
Pyrolysis of Solid Biomass Derived Compounds. ChemSusChem, 1(5), 397-400. 
Channiwala, S. A., & Parikh, P. P. (2002). A unified correlation for estimating HHV of 
solid, liquid and gaseous fuels. Fuel, 81(8), 1051-1063. 
Chauhan, R. S., Gopinath, S., Razdan, P., Delattre, C., Nirmala, G. S., & Natarajan, R. 
(2008). Thermal decomposition of expanded polystyrene in a pebble bed reactor 
to get higher liquid fraction yield at low temperatures. Waste Management, 
28(11), 2140-2145. 
Chen, H.-W., Song, Q.-H., Liao, B., & Guo, Q.-X. (2011). Further separation, 
characterization, and upgrading for upper and bottom layers from phase 
separation of biomass pyrolysis oils. Energy & Fuels, 25(10), 4655-4661. 
222 
 
Cheung, K.-Y., Lee, K.-L., Lam, K.-L., Chan, T.-Y., Lee, C.-W., & Hui, C.-W. (2011). 
Operation strategy for multi-stage pyrolysis. Journal of Analytical and Applied 
Pyrolysis, 91(1), 165-182. 
Cordella, M., Berrueco, C., Santarelli, F., Paterson, N., Kandiyoti, R., & Millan, M. 
(2013). Yields and ageing of the liquids obtained by slow pyrolysis of sorghum, 
switchgrass and corn stalks. Journal of Analytical and Applied Pyrolysis, 104, 
316-324. 
Cornelissen, T., Jans, M., Yperman, J., Reggers, G., Schreurs, S., & Carleer, R. (2008a). 
Flash co-pyrolysis of biomass with polyhydroxybutyrate: Part 1. Influence on 
bio-oil yield, water content, heating value and the production of chemicals. Fuel, 
87(12), 2523-2532. 
Cornelissen, T., Yperman, J., Reggers, G., Schreurs, S., & Carleer, R. (2008b). Flash 
co-pyrolysis of biomass with polylactic acid. Part 1: Influence on bio-oil yield 
and heating value. Fuel, 87(7), 1031-1041. 
Cornelissen, T., Jans, M., Stals, M., Kuppens, T., Thewys, T., Janssens, G. K., et al. 
(2009). Flash co-pyrolysis of biomass: The influence of biopolymers. Journal of 
Analytical and Applied Pyrolysis, 85(1-2), 87-97. 
Crain Communications Inc. Tire Production by Country (accessed 29 october 2013). 
Rubber & Plastics News, , 
http://www.rubbernews.com/article/TB/20090201/STATISTICS/121019919/tire
-production-by-country. 
Czernik, S., & Bridgwater, A. V. (2004). Overview of applications of biomass fast 
pyrolysis oil. Energy & Fuels, 18(2), 590-598. 
Czernik, S., Johnson, D. K., & Black, S. (1994). Stability of wood fast pyrolysis oil. 
Biomass and Bioenergy, 7(1-6), 187-192. 
Das, P., Sreelatha, T., & Ganesh, A. (2004). Bio oil from pyrolysis of cashew nut shell-
characterisation and related properties. Biomass and Bioenergy, 27(3), 265-275. 
de Marco Rodriguez, I., Laresgoiti, M. F., Cabrero, M. A., Torres, A., Chomón, M. J., 
& Caballero, B. (2001). Pyrolysis of scrap tyres. Fuel Processing Technology, 
72(1), 9-22. 
de Miguel Mercader, F., Groeneveld, M. J., Kersten, S. R. A., Way, N. W. J., 
Schaverien, C. J., & Hogendoorn, J. A. (2010). Production of advanced biofuels: 
Co-processing of upgraded pyrolysis oil in standard refinery units. Applied 
Catalysis B: Environmental, 96(1-2), 57-66. 
Demiral, İ., & Şensöz, S. (2006). Fixed-Bed Pyrolysis of Hazelnut (Corylus Avellana 
L.) Bagasse: Influence of Pyrolysis Parameters on Product Yields. Energy 
Sources, Part A: Recovery, Utilization, and Environmental Effects, 28(12), 
1149-1158. 
Demiral, İ., & Kul, Ş. Ç. (2014). Pyrolysis of apricot kernel shell in a fixed-bed reactor: 
Characterization of bio-oil and char. Journal of Analytical and Applied 
Pyrolysis, 107(0), 17-24. 
223 
 
Demirbas, A. (2004). Pyrolysis of municipal plastic wastes for recovery of gasoline-
range hydrocarbons. Journal of Analytical and Applied Pyrolysis, 72(1), 97-102. 
Demirbas, A. (2009). Pyrolysis Mechanisms of Biomass Materials. Energy Sources, 
Part A: Recovery, Utilization, and Environmental Effects, 31(13), 1186-1193. 
Department of statistics Malaysia. Malaysia economic statistics - time series 2011, 
ISSN 0127-9181. 
Diebold, J. P. (2000). A Review of the Chemical and Physical Mechanisms of the 
Storage Stability of Fast Pyrolysis Bio-Oils. NREL/SR-570-27613, Colorado, 
USA. 
Diebold, J. P., & Czernik, S. (1997). Additives to lower and stabilize the viscosity of 
pyrolysis oils during storage. Energy & Fuels, 11(5), 1081-1091. 
Dı́ez, C., Martı́nez, O., Calvo, L. F., Cara, J., & Morán, A. (2004). Pyrolysis of tyres. 
Influence of the final temperature of the process on emissions and the calorific 
value of the products recovered. Waste Management, 24(5), 463-469. 
Dmytryshyn, S. L., Dalai, A. K., Chaudhari, S. T., Mishra, H. K., & Reaney, M. J. 
(2004). Synthesis and characterization of vegetable oil derived esters: evaluation 
for their diesel additive properties. Bioresource Technology, 92(1), 55-64. 
Domínguez, A., Fernández, Y., Fidalgo, B., Pis, J. J., & Menéndez, J. A. (2007). Biogas 
to syngas by microwave-assisted dry reforming in the presence of char. Energy 
& Fuels, 21(4), 2066-2071. 
Dong, C.-q., Zhang, Z.-f., Lu, Q., & Yang, Y.-p. (2012). Characteristics and mechanism 
study of analytical fast pyrolysis of poplar wood. Energy Conversion and 
Management, 57(0), 49-59. 
Dufour, A., Celzard, A., Fierro, V., Martin, E., Broust, F., & Zoulalian, A. (2008). 
Catalytic decomposition of methane over a wood char concurrently activated by 
a pyrolysis gas. Applied Catalysis A: General, 346(1-2), 164-173. 
Duman, G., Pala, M., Ucar, S., & Yanik, J. (2013). Two-step pyrolysis of safflower oil 
cake. Journal of Analytical and Applied Pyrolysis 103, 352–361. 
E. Odetoye, T., R. Onifade, K., S. AbuBakar, M., & O. Titiloye, J. (2014). Pyrolysis of 
Parinari polyandra Benth fruit shell for bio-oil production. Biofuel Research 
Journal, 1(3), 85-90. 
Easterly, J. L., & Burnham, M. (1996). Overview of biomass and waste fuel resources 
for power production. Biomass and Bioenergy, 10(2-3), 79-92. 
Ellens, C. J., & Brown, R. C. (2012). Optimization of a free-fall reactor for the 
production of fast pyrolysis bio-oil. Bioresource Technology, 103(1), 374-380. 
Elliott, D. C., Hart, T. R., Neuenschwander, G. G., Rotness, L. J., & Zacher, A. H. 
(2009). Catalytic hydroprocessing of biomass fast pyrolysis bio-oil to produce 
hydrocarbon products. Environmental Progress & Sustainable Energy, 28(3), 
441-449. 
224 
 
Eriksson, I., Johansson, E., Kettaneh-Wold, N., & Wold, S. (2006). Multi- and 
megavariate data analysis. Principles and applications. MKS Umetrics AB, 97. 
Ertaş, M., & Hakkı Alma, M. (2010). Pyrolysis of laurel (Laurus nobilis L.) extraction 
residues in a fixed-bed reactor: Characterization of bio-oil and bio-char. Journal 
of Analytical and Applied Pyrolysis, 88(1), 22-29. 
Fahmi, R., Bridgwater, A. V., Donnison, I., Yates, N., & Jones, J. M. (2008). The effect 
of lignin and inorganic species in biomass on pyrolysis oil yields, quality and 
stability. Fuel, 87(7), 1230-1240. 
Fauziah, S. H., & Agamuthu, P. (2012). Trends in sustainable landfilling in Malaysia, a 
developing country. Waste Management & Research, 
doi:10.1177/0734242X12437564. 
Fei, J., Zhang, J., Wang, F., & Wang, J. (2012). Synergistic effects on co-pyrolysis of 
lignite and high-sulfur swelling coal. Journal of Analytical and Applied 
Pyrolysis, 95(0), 61-67. 
Žilnik, L. F., & Jazbinšek, A. (2012). Recovery of renewable phenolic fraction from 
pyrolysis oil. Separation and Purification Technology, 86(0), 157-170. 
Font, R., Marcilla, A., Verdú, E., & Devesa, J. (1991). Thermogravimetric kinetic study 
of the pyrolysis of almond shells and almond shells impregnated with CoCl2. 
Journal of Analytical and Applied Pyrolysis, 21(3), 249-264. 
French, R., & Czernik, S. (2010). Catalytic pyrolysis of biomass for biofuels 
production. Fuel Processing Technology, 91(1), 25-32. 
Friedl, A., Padouvas, E., Rotter, H., & Varmuza, K. (2005). Prediction of heating values 
of biomass fuel from elemental composition. Analytica Chimica Acta, 544(1-2), 
191-198. 
Frigo, S., Seggiani, M., Puccini, M., & Vitolo, S. (2014). Liquid fuel production from 
waste tyre pyrolysis and its utilisation in a diesel engine. Fuel, 116(0), 399-408. 
Gan, J., & Yuan, W. (2013). Operating condition optimization of corncob hydrothermal 
conversion for bio-oil production. Applied Energy, 103(0), 350-357. 
Garcı̀a-Pèrez, M., Chaala, A., & Roy, C. (2002). Co-pyrolysis of sugarcane bagasse 
with petroleum residue. Part II. Product yields and properties. Fuel, 81(7), 893-
907. 
Garcia-Perez, M., Wang, X. S., Shen, J., Rhodes, M. J., Tian, F., Lee, W.-J., et al. 
(2008). Fast pyrolysis of oil mallee woody biomass: Effect of temperature on the 
yield and quality of pyrolysis products. Industrial & Engineering Chemistry 
Research, 47(6), 1846-1854. 
Garforth, A. A., Ali, S., HernÃ¡ndez-MartÃ-nez, J. s., & Akah, A. (2004). Feedstock 
recycling of polymer wastes. Current Opinion in Solid State and Materials 
Science, 8(6), 419-425. 
Gerçel, H. F. (2011). Bio-oil production from Onopordum acanthium L. by slow 
pyrolysis. Journal of Analytical and Applied Pyrolysis, 92(1), 233-238. 
225 
 
Ghosh, T., & Prelas, M. (2009). Petroleum. In Energy Resources and Systems (pp. 383-
451): Springer Netherlands. 
Goh, C. S., Tan, K. T., Lee, K. T., & Bhatia, S. (2010). Bio-ethanol from lignocellulose: 
Status, perspectives and challenges in Malaysia. Bioresource Technology, 
101(13), 4834-4841. 
Gong, F., Yang, Z., Hong, C., Huang, W., Ning, S., Zhang, Z., et al. (2011). Selective 
conversion of bio-oil to light olefins: Controlling catalytic cracking for 
maximum olefins. Bioresource Technology, 102(19), 9247-9254. 
Graham, J. R., & Harvey, C. R. (2001). The theory and practice of corporate finance: 
evidence from the field. Journal of Financial Economics, 60(2-3), 187-243. 
Guillain, M., Fairouz, K., Mar, S. R., Monique, F., & Jacques, L. d. (2009). Attrition-
free pyrolysis to produce bio-oil and char. Bioresource Technology, 100(23), 
6069-6075. 
Guldogan, Y., Bozdemir, T. O., & Durusoy, T. (2000). Effect of Heating Rate on 
Pyrolysis Kinetics of Tuncbilek Lignite. Energy Sources, 22(4), 305-312. 
Guo, X., Wang, S., Wang, Q., Guo, Z., & Luo, Z. (2011). Properties of Bio-oil from 
Fast Pyrolysis of Rice Husk. Chinese Journal of Chemical Engineering, 19(1), 
116-121. 
Guo, X., Zheng, Y., Zhang, B., & Chen, J. (2009). Analysis of coke precursor on 
catalyst and study on regeneration of catalyst in upgrading of bio-oil. Biomass 
and Bioenergy, 33(10), 1469-1473. 
Hardy, T., Musialik-Piotrowska, A., Ciołek, J., Mościcki, K., & Kordylewski, W. 
(2012). Negative effects of biomass combustion and co-combustion in boilers. 
Environment Protection Engineering, 38, 25-33. 
Hasan, S. H., Ranjan, D., & Talat, M. (2009). “Rice Polish” for the Removal of Arsenic 
from Aqueous Solution: Optimization of Process Variables. Industrial 
Engineering and Chemical Research, 48, 4194–4201. 
Haykiri-Acma, H., & Yaman, S. (2010). Interaction between biomass and different rank 
coals during co-pyrolysis. Renewable Energy, 35(1), 288-292. 
He, R., Ye, X. P., English, B. C., & Satrio, J. A. (2009). Influence of pyrolysis condition 
on switchgrass bio-oil yield and physicochemical properties. Bioresource 
Technology, 100(21), 5305-5311. 
Heikkinen, J. M., Hordijk, J. C., de Jong, W., & Spliethoff, H. (2004). 
Thermogravimetry as a tool to classify waste components to be used for energy 
generation. Journal of Analytical and Applied Pyrolysis, 71(2), 883-900. 
Hester, R. E., & Harrison, R. M. (2013). Waste as a Resource. Issues in Environmental 
Science and Technology, 37, Royal Society of Chemistry, Cambridge. 
Hew, K. L., Tamidi, A. M., Yusup, S., Lee, K. T., & Ahmad, M. M. (2010). Catalytic 
cracking of bio-oil to organic liquid product (OLP). Bioresource Technology, 
101(22), 8855-8858. 
226 
 
Hilten, R., Speir, R., Kastner, J., & Das, K. C. (2010). Production of fuel from the 
catalytic cracking of pyrolyzed poultry DAF skimmings. Journal of Analytical 
and Applied Pyrolysis, 88(1), 30-38. 
Hon, L. M., & Joseph. (2010). A case study on palm empty fruit bunch as energy 
feedstock. SEGi Review, 3, 3-15. 
Hong, S.-J., Oh, S. C., Lee, H.-P., Kim, H. T., & Yoo, K.-O. (1999). A Study on the 
Pyrolysis Characteristics of Poly(vinyl chloride). Journal of the Korean Institute 
of Chemical Engineers, 37(4), 515-521. 
Horne, P. A., & Williams, P. T. (1994). Premium quality fuels and chemicals from the 
fluidised bed pyrolysis of biomass with zeolite catalyst upgrading. Renewable 
Energy, 5(5-8), 810-812. 
Horne, P. A., & Williams, P. T. (1996). Reaction of oxygenated biomass pyrolysis 
model compounds over a ZSM-5 catalyst. Renewable Energy, 7(2), 131-144. 
Huffman, G. P., & Shah, N. (1998). Feasibility Study for a Demonstration Plant for 
Liquefaction and Coprocessing of Waste Plastics and Tires. CHEMTECH, 
28(12), 34-41. 
Ikura, M., Stanciulescu, M., & Hogan, E. (2003). Emulsification of pyrolysis derived 
bio-oil in diesel fuel. Biomass and Bioenergy, 24(3), 221-232. 
Iliopoulou, E. F., Antonakou, E. V., Karakoulia, S. A., Vasalos, I. A., Lappas, A. A., & 
Triantafyllidis, K. S. (2007). Catalytic conversion of biomass pyrolysis products 
by mesoporous materials: Effect of steam stability and acidity of Al-MCM-41 
catalysts. Chemical Engineering Journal, 134(1-3), 51-57. 
Imam, T., & Capareda, S. (2012). Characterization of bio-oil, syn-gas and bio-char from 
switchgrass pyrolysis at various temperatures. Journal of Analytical and Applied 
Pyrolysis, 93, 170-177. 
Isa, K. M., Daud, S., Hamidin, N., Ismail, K., Saad, S. A., & Kasim, F. H. (2011). 
Thermogravimetric analysis and the optimisation of bio-oil yield from fixed-bed 
pyrolysis of rice husk using response surface methodology (RSM). Industrial 
Crops and Products, 33(2), 481-487. 
Isahak, W. N. R. W., Hisham, M. W. M., Yarmo, M. A., & Yun Hin, T.-y. (2012). A 
review on bio-oil production from biomass by using pyrolysis method. 
Renewable and Sustainable Energy Reviews, 16(8), 5910-5923. 
Ishak, M. R., Sapuan, S. M., Leman, Z., Rahman, M. Z. A., & Anwar, U. M. K. (2012). 
Characterization of sugar palm (Arenga pinnata) fibres. Journal of Thermal 
Analysis and Calorimetry, 109(2), 981-989. 
Islam, M. R., Tushar, M. S. H. K., & Haniu, H. (2008). Production of liquid fuels and 
chemicals from pyrolysis of Bangladeshi bicycle/rickshaw tire wastes. Journal 
of Analytical and Applied Pyrolysis, 82(1), 96-109. 
Jae, J., Tompsett, G. A., Foster, A. J., Hammond, K. D., Auerbach, S. M., Lobo, R. F., 
et al. (2011). Investigation into the shape selectivity of zeolite catalysts for 
biomass conversion. Journal of Catalysis, 279(2), 257-268. 
227 
 
Jakab, E., Blazsó, M., & Faix, O. (2001). Thermal decomposition of mixtures of vinyl 
polymers and lignocellulosic materials. Journal of Analytical and Applied 
Pyrolysis, 58-59(0), 49-62. 
Jakab, E., Várhegyi, G., & Faix, O. (2000). Thermal decomposition of polypropylene in 
the presence of wood-derived materials. Journal of Analytical and Applied 
Pyrolysis, 56(2), 273-285. 
Jeon, M.-J., Choi, S., Yoo, K.-S., Ryu, C., Park, S., Lee, J., et al. (2011). Copyrolysis of 
block polypropylene with waste wood chip. Korean Journal of Chemical 
Engineering, 28(2), 497-501. 
Johannes, I., Tiikma, L., & Luik, H. (2013). Synergy in co-pyrolysis of oil shale and 
pine sawdust in autoclaves. Journal of Analytical and Applied Pyrolysis, 104(0), 
341-352. 
Joshi, N., & Lawal, A. (2012). Hydrodeoxygenation of pyrolysis oil in a microreactor. 
Chemical Engineering Science, 74(0), 1-8. 
Jung, S.-H., Cho, M.-H., Kang, B.-S., & Kim, J.-S. (2010). Pyrolysis of a fraction of 
waste polypropylene and polyethylene for the recovery of BTX aromatics using 
a fluidized bed reactor. Fuel Processing Technology, 91(3), 277-284. 
Kabakcı, S. B., & Aydemir, H. (2013). Pyrolysis of olive pomace and copyrolysis of 
olive pomace with refuse derived fuel. Environmental Progress & Sustainable 
Energy, n/a-n/a. 
Kalanatarifard, A., & Yang, G. S. (2012). Identification of the municipal solid waste 
characteristics and potential of plastic recovery at Bakri Landfill, Muar, 
Malaysia. Journal of Sustainable Development, 5, 11-17. 
Kalogirou, S. A. (2004). Solar thermal collectors and applications. Progress in Energy 
and Combustion Science, 30(3), 231-295. 
Kaminsky, W. (1991). Recycling of polymeric materials by pyrolysis. Makromolekulare 
Chemie. Macromolecular Symposia, 48-49(1), 381-393. 
Kaminsky, W., Mennerich, C., & Zhang, Z. (2009). Feedstock recycling of synthetic 
and natural rubber by pyrolysis in a fluidized bed. Journal of Analytical and 
Applied Pyrolysis, 85, 334–337. 
Kaminsky, W., Predel, M., & Sadiki, A. (2004). Feedstock recycling of polymers by 
pyrolysis in a fluidised bed. Polymer Degradation and Stability, 85(3), 1045-
1050. 
Kang, S., Li, X., Fan, J., & Chang, J. (2012). Characterization of Hydrochars Produced 
by Hydrothermal Carbonization of Lignin, Cellulose, d-Xylose, and Wood Meal. 
Industrial & Engineering Chemistry Research, 51(26), 9023-9031. 
Kar, Y. (2011). Co-pyrolysis of walnut shell and tar sand in a fixed-bed reactor. 
Bioresource Technology, 102(20), 9800-9805. 
Karaduman, A. (2002). Pyrolysis of Polystyrene Plastic Wastes with Some Organic 
Compounds for Enhancing Styrene Yield. Energy Sources, 24(7), 667-674. 
228 
 
Katyal, S., Thambimuthu, K., & Valix, M. (2003). Carbonisation of bagasse in a fixed 
bed reactor: influence of process variables on char yield and characteristics. 
Renewable Energy, 28(5), 713-725. 
Kim, J.-S., Kaminsky, W., & Schlesselmann, B. (1997). Pyrolysis of a fraction of mixed 
plastic wastes depleted in PVC. Journal of Analytical and Applied Pyrolysis, 40-
41(0), 365-372. 
Kiran, N., Ekinci, E., & Snape, C. E. (2000). Recyling of plastic wastes via pyrolysis. 
Resources, Conservation and Recycling, 29(4), 273-283. 
Kreith, F. (1998). The CRC Handbook of Mechanical Engineering, Second Edition. 
CRC Press, Inc. 
Kříž, V., & Brožová, Z. (2007). Co-pyrolysis of coal/waste polymers mixtures. Acta 
geodynamica et geomaterialia, 4(2 (146)), 39-42. 
Krupa, S. V., An Li, S. T. G. J. J. P. G., & Paul, K. S. L. (2007). Introduction to the 
Book Series. In Developments in Environmental Science (Vol. Volume 7, pp. 
xiii-xiv): Elsevier. 
Kuppens, T., Cornelissen, T., Carleer, R., Yperman, J., Schreurs, S., Jans, M., et al. 
(2010). Economic assessment of flash co-pyrolysis of short rotation coppice and 
biopolymer waste streams. Journal of Environmental Management, 91(12), 
2736-2747. 
Laird, D. A. (2008). The charcoal vision: A Win-win-win scenario for simultaneously 
producing bioenergy, permanently sequestering carbon, while improving soil 
and water quality. Agron. J., 100(1), 178-181. 
Leng, L. Y., Husni, M. H. A., & Samsuri, A. W. (2011). Comparison of the carbon-
sequestering abilities of pineapple leaf residue chars produced by controlled 
combustion and by field burning. Bioresource Technology, 102(22), 10759-
10762. 
Li, H., Shen, B., Kabalu, J. C., & Nchare, M. (2009). Enhancing the production of 
biofuels from cottonseed oil by fixed-fluidized bed catalytic cracking. 
Renewable Energy, 34(4), 1033-1039. 
Li, S. Q., Yao, Q., Chi, Y., Yan, J. H., & Cen, K. F. (2004). Pilot-Scale Pyrolysis of 
Scrap Tires in a Continuous Rotary Kiln Reactor. Industrial & Engineering 
Chemistry Research, 43(17), 5133-5145. 
Lim, M. T., & Alimuddin, Z. (2008). Bubbling fluidized bed biomass gasification—
Performance, process findings and energy analysis. Renewable Energy, 33(10), 
2339-2343. 
Lim, X. Y., & Andrésen, J. M. (2011). Pyro-catalytic deoxgenated bio-oil from palm oil 
empty fruit bunch and fronds with boric oxide in a fixed-bed reactor. Fuel 
Processing Technology, 92(9), 1796-1804. 
Lin, Y., Ma, X., Yu, Z., & Cao, Y. (2014). Investigation on thermochemical behavior of 
co-pyrolysis between oil-palm solid wastes and paper sludge. Bioresource 
Technology, 166, 444-450. 
229 
 
Liu, W.-J., Tian, K., Jiang, H., Zhang, X.-S., & Yang, G.-X. (2013). Preparation of 
liquid chemical feedstocks by co-pyrolysis of electronic waste and biomass 
without formation of polybrominated dibenzo-p-dioxins. Bioresource 
Technology, 128(0), 1-7. 
Liu, Y., Qian, J., & Wang, J. (2000). Pyrolysis of polystyrene waste in a fluidized-bed 
reactor to obtain styrene monomer and gasoline fraction. Fuel Processing 
Technology, 63(1), 45-55. 
López, A., de Marco, I., Caballero, B. M., Laresgoiti, M. F., & Adrados, A. (2011). 
Dechlorination of fuels in pyrolysis of PVC containing plastic wastes. Fuel 
Processing Technology, 92(2), 253-260. 
Lu, Q., Li, W.-Z., & Zhu, X.-F. (2009). Overview of fuel properties of biomass fast 
pyrolysis oils. Energy Conversion and Management, 50(5), 1376-1383. 
Lu, Q., Yang, X.-l., & Zhu, X.-f. (2008). Analysis on chemical and physical properties 
of bio-oil pyrolyzed from rice husk. Journal of Analytical and Applied Pyrolysis, 
82(2), 191-198. 
Luangkiattikhun, P., Tangsathitkulchai, C., & Tangsathitkulchai, M. (2008). Non-
isothermal thermogravimetric analysis of oil-palm solid wastes. Bioresource 
Technology, 99(5), 986-997. 
Luo, Z., Wang, S., Liao, Y., Zhou, J., Gu, Y., & Cen, K. (2004). Research on biomass 
fast pyrolysis for liquid fuel. Biomass and Bioenergy, 26(5), 455-462. 
Mahanim, S. M. A., Asma, I. W., Rafidah, J., Puad, E., & Shaharuddin, H. (2011). 
Production of activated carbon from industrial bamboo wastes. Journal of 
Tropical Forest Science, 23(4), 417–424. 
Mahlia, T. M. I., Abdulmuin, M. Z., Alamsyah, T. M. I., & Mukhlishien, D. (2001). An 
alternative energy source from palm wastes industry for Malaysia and Indonesia. 
Energy Conversion and Management, 42(18), 2109-2118. 
Mahmood, A. S. N., Brammer, J. G., Hornung, A., Steele, A., & Poulston, S. (2012). 
The intermediate pyrolysis and catalytic steam reforming of Brewers spent 
grain. Journal of Analytical and Applied Pyrolysis, 103, 328-342. 
Majumder, A. K., Jain, R., Banerjee, P., & Barnwal, J. P. (2008). Development of a new 
proximate analysis based correlation to predict calorific value of coal. Fuel, 
87(13-14), 3077-3081. 
Malaysian Government. Malaysian Rubber Board, Natural rubber statistic 2012 
(accessed 29 october 2013), http://www.lgm.gov.my/nrstat/nrstats.pdf. 
Manaf, L. A., Samah, M. A. A., & Zukki, N. I. M. (2009). Municipal solid waste 
management in Malaysia: Practices and challenges. Waste Management, 29(11), 
2902-2906. 
Manzano-Agugliaro, F., Alcayde, A., Montoya, F. G., Zapata-Sierra, A., & Gil, C. 
(2013). Scientific production of renewable energies worldwide: An overview. 
Renewable and Sustainable Energy Reviews, 18(0), 134-143. 
230 
 
Martínez, J. D., Puy, N., Murillo, R., García, T., Navarro, M. V., & Mastral, A. M. 
(2013). Waste tyre pyrolysis - A review. Renewable and Sustainable Energy 
Reviews, 23(0), 179-213. 
Martínez, J. D., Veses, A., Mastral, A. M., Murillo, R., Navarro, M. V., Puy, N., et al. 
(2014). Co-pyrolysis of biomass with waste tyres: Upgrading of liquid bio-fuel. 
Fuel Processing Technology, 119(0), 263-271. 
Mathews, J. F., Tepylo, M. G., Eager, R. L., & Pepper, J. M. (1985). Upgrading of 
aspen poplar wood oil over HZSM-5 zeolite catalyst. The Canadian Journal of 
Chemical Engineering, 63(4), 686-689. 
Medrano, J. A., Oliva, M., Ruiz, J., GarcÃa, L., & Arauzo, J. (2011). Hydrogen from 
aqueous fraction of biomass pyrolysis liquids by catalytic steam reforming in 
fluidized bed. Energy, 36(4), 2215-2224. 
Mekhilef, S., Saidur, R., Safari, A., & Mustaffa, W. E. S. B. (2011). Biomass energy in 
Malaysia: Current state and prospects. Renewable and Sustainable Energy 
Reviews, 15(7), 3360-3370. 
Melero, J. A., Iglesias, J., & Garcia, A. (2012). Biomass as renewable feedstock in 
standard refinery units. Feasibility, opportunities and challenges. Energy & 
Environmental Science, 5(6), 7393-7420. 
Meng, X., Xu, C., Li, L., & Gao, J. (2011). Cracking Performance and Feed 
Characterization Study of Catalytic Pyrolysis for Light Olefin Production. 
Energy & Fuels, 25(4), 1357-1363. 
Mercader, F. d. M., Groeneveld, M. J., Kersten, S. R. A., Venderbosch, R. H., & 
Hogendoorn, J. A. (2010). Pyrolysis oil upgrading by high pressure thermal 
treatment. Fuel, 89(10), 2829-2837. 
Miranda, M., Cabrita, I., Pinto, F., & Gulyurtlu, I. (2013). Mixtures of rubber tyre and 
plastic wastes pyrolysis: A kinetic study. Energy, 58(0), 270-282. 
Mohammed, I. A. (2010). Waste to wealth: A new composite. Malaysia Technology 
Expo, 173-174. 
Mohammed, M. A. A., Salmiaton, A., Wan Azlina, W. A. K. G., Mohammad Amran, 
M. S., Fakhru’l-Razi, A., & Taufiq-Yap, Y. H. (2011). Hydrogen rich gas from 
oil palm biomass as a potential source of renewable energy in Malaysia. 
Renewable and Sustainable Energy Reviews, 15(2), 1258-1270. 
Mohan, D., Pittman, C. U., & Steele, P. H. (2006). Pyrolysis of Wood/Biomass for Bio-
oil: A Critical Review. Energy & Fuels, 20(3), 848-889. 
Mohan, D., Pittman Jr, C. U., Bricka, M., Smith, F., Yancey, B., Mohammad, J., et al. 
(2007). Sorption of arsenic, cadmium, and lead by chars produced from fast 
pyrolysis of wood and bark during bio-oil production. Journal of Colloid and 
Interface Science, 310(1), 57-73. 
Mohan, D., Rajput, S., Singh, V. K., Steele, P. H., & Pittman Jr, C. U. (2011). Modeling 
and evaluation of chromium remediation from water using low cost bio-char, a 
green adsorbent. Journal of Hazardous Materials, 188(1-3), 319-333. 
231 
 
Mohanty, P., Nanda, S., Pant, K. K., Naik, S., Kozinski, J. A., & Dalai, A. K. (2013). 
Evaluation of the physiochemical development of biochars obtained from 
pyrolysis of wheat straw, timothy grass and pinewood: Effects of heating rate. 
Journal of Analytical and Applied Pyrolysis, 104(0), 485-493. 
Moreira, J. X. C. (2006). Global Biomass Energy Potential. Mitigation and Adaptation 
Strategies for Global Change, 11(2), 313-333. 
Mortensen, P. M., Grunwaldt, J. D., Jensen, P. A., Knudsen, K. G., & Jensen, A. D. 
(2011). A review of catalytic upgrading of bio-oil to engine fuels. Applied 
Catalysis A: General, 407(1-2), 1-19. 
Mott, R. A., & Spooner, C. E. (1940). The calorific value of carbon in coal: The Dulong 
relationship. Fuel, 19, 242-251. 
Mullen, C. A., Boateng, A. A., & Goldberg, N. M. (2013). Production of Deoxygenated 
Biomass Fast Pyrolysis Oils via Product Gas Recycling. Energy & Fuels, 27(7), 
3867–3874. 
Mullen, C. A., Boateng, A. A., Goldberg, N. M., Lima, I. M., Laird, D. A., & Hicks, K. 
B. (2010). Bio-oil and bio-char production from corn cobs and stover by fast 
pyrolysis. Biomass and Bioenergy, 34(1), 67-74. 
Muradov, N., Fidalgo, B., Gujar, A. C., Garceau, N., & T-Raissi, A. (2012). Production 
and characterization of Lemna minor bio-char and its catalytic application for 
biogas reforming. Biomass and Bioenergy, 42(0), 123-131. 
Murillo, R., Aylón, E., Navarro, M. V., Callén, M. S., Aranda, A., & Mastral, A. M. 
(2006). The application of thermal processes to valorise waste tyre. Fuel 
Processing Technology, 87(2), 143-147. 
Nolte, M. W., & Liberatore, M. W. (2010). Viscosity of biomass pyrolysis oils from 
various feedstocks. Energy & Fuels, 24(12), 6601-6608. 
Oasmaa, A., & Czernik, S. (1999). Fuel Oil Quality of Biomass Pyrolysis Oils-State of 
the Art for the End Users. Energy & Fuels, 13(4), 914-921. 
Oasmaa, A., & Kuoppala, E. (2003). Fast pyrolysis of forestry residue. 3. Storage 
stability of liquid fuel. Energy & Fuels, 17(4), 1075-1084. 
Oasmaa, A., Leppämäki, E., Koponen, P., Levander, J., & Tapola, E. (1997). Physical 
characterisation of biomass-based pyrolysis liquids. Application of standard fuel 
oil analyses. Espoo 1997, Technical Research Centre of Finland, VTT 
Publications 306.  
Ohmukai, Y., Hasegawa, I., & Mae, K. (2008). Pyrolysis of the mixture of biomass and 
plastics in countercurrent flow reactor Part I: Experimental analysis and 
modeling of kinetics. Fuel, 87(13-14), 3105-3111. 
Omar, R., Idris, A., Yunus, R., Khalid, K., & Aida Isma, M. I. (2011). Characterization 
of empty fruit bunch for microwave-assisted pyrolysis. Fuel, 90(4), 1536-1544. 
232 
 
Önal, E., Uzun, B. B., & Pütün, A. E. (2012). An experimental study on bio-oil 
production from co-pyrolysis with potato skin and high-density polyethylene 
(HDPE). Fuel Processing Technology, 104(0), 365-370. 
Önal, E., Uzun, B. B., & Pütün, A. E. (2014). Bio-oil production via co-pyrolysis of 
almond shell as biomass and high density polyethylene. Energy Conversion and 
Management, 78(0), 704-710. 
Önenç, S., Brebu, M., Vasile, C., & Yanik, J. (2012). Copyrolysis of scrap tires with 
oily wastes. Journal of Analytical and Applied Pyrolysis, 94(0), 184-189. 
Onwudili, J. A., Insura, N., & Williams, P. T. (2009). Composition of products from the 
pyrolysis of polyethylene and polystyrene in a closed batch reactor: Effects of 
temperature and residence time. Journal of Analytical and Applied Pyrolysis, 
86(2), 293-303. 
Othman, N., Basri, N. E. A., Yunus, M. N. M., & Sidek, L. M. (2008). Determination of 
physical and chemical characteristics of electronic plastic waste (Ep-Waste) 
resin using proximate and ultimate analysis method. International conference on 
construction and building technology, 169-180. 
Özbay, N., Apaydın-Varol, E., Burcu Uzun, B., & Eren Pütün, A. (2008). 
Characterization of bio-oil obtained from fruit pulp pyrolysis. Energy, 33(8), 
1233-1240. 
Paethanom, A., & Yoshikawa, K. (2012). Influence of Pyrolysis Temperature on Rice 
Husk Char Characteristics and Its Tar Adsorption Capability. Energies, 5(12), 
4941-4951. 
Pan, Y. G., Velo, E., & Puigjaner, L. (1996). Pyrolysis of blends of biomass with poor 
coals. Fuel, 75(4), 412-418. 
Panda, A. K., Singh, R. K., & Mishra, D. K. (2010). Thermolysis of waste plastics to 
liquid fuel: A suitable method for plastic waste management and manufacture of 
value added products-A world prospective. Renewable and Sustainable Energy 
Reviews, 14(1), 233-248. 
Paradela, F., Pinto, F., Gulyurtlu, I., Cabrita, I., & Lapa, N. (2009). Study of the co-
pyrolysis of biomass and plastic wastes. Clean Technologies and Environmental 
Policy, 11(1), 115-122. 
Paradela, F., Pinto, F., Ramos, A. M., Gulyurtlu, I., & Cabrita, I. (2009). Study of the 
slow batch pyrolysis of mixtures of plastics, tyres and forestry biomass wastes. 
Journal of Analytical and Applied Pyrolysis, 85(1-2), 392-398. 
Parihar, M. F., Kamil, M., Goyal, H. B., Gupta, A. K., & Bhatnagar, A. K. (2007). An 
Experimental Study on Pyrolysis of Biomass. Process Safety and Environmental 
Protection, 85(5), 458-465. 
Park, H. J., Park, K.-H., Jeon, J.-K., Kim, J., Ryoo, R., Jeong, K.-E., et al. (2012). 
Production of phenolics and aromatics by pyrolysis of miscanthus. Fuel, 97(0), 
379-384. 
233 
 
Park, S. S., Seo, D. K., Lee, S. H., Yu, T.-U., & Hwang, J. (2012). Study on pyrolysis 
characteristics of refuse plastic fuel using lab-scale tube furnace and 
thermogravimetric analysis reactor. Journal of Analytical and Applied Pyrolysis, 
97(0), 29-38. 
Pasqual, J., Padilla, E., & Jadotte, E. (2013). Technical note: Equivalence of different 
profitability criteria with the net present value. International Journal of 
Production Economics, 142(1), 205-210. 
Peng, J., Chen, P., Lou, H., & Zheng, X. (2009). Catalytic upgrading of bio-oil by 
HZSM-5 in sub- and super-critical ethanol. Bioresource Technology, 100(13), 
3415-3418. 
Phuphuakrat, T., Namioka, T., & Yoshikawa, K. (2010). Tar removal from biomass 
pyrolysis gas in two-step function of decomposition and adsorption. Applied 
Energy, 87(7), 2203-2211. 
Pinto, F., Paradela, F., Gulyurtlu, I., & Ramos, A. M. (2013). Prediction of liquid yields 
from the pyrolysis of waste mixtures using response surface methodology. Fuel 
Processing Technology, 116(0), 271-283. 
PlasticsEurope. (2010). Plastics - the Facts 2010: An analysis of Eropean plastics 
production, demand and recovery for 2009. 
PlasticsEurope. (2011). Plastics - the Facts 2011: An analysis of Eropean plastics 
production, demand and recovery for 2010. 
Pollard, A. S., Rover, M. R., & Brown, R. C. (2012). Characterization of bio-oil 
recovered as stage fractions with unique chemical and physical properties. 
Journal of Analytical and Applied Pyrolysis, 93(0), 129-138. 
Prabir, B. (2010). Chapter 3 - Pyrolysis and Torrefaction. In Biomass Gasification and 
Pyrolysis (pp. 65-96). Boston: Academic Press. 
Pütün, A. E., Apaydın, E., & Pütün, E. (2004). Rice straw as a bio-oil source via 
pyrolysis and steam pyrolysis. Energy, 29(12-15), 2171-2180. 
Pütün, E., Uzun, B. B., & Pütün, A. E. (2006). Fixed-bed catalytic pyrolysis of cotton-
seed cake: Effects of pyrolysis temperature, natural zeolite content and sweeping 
gas flow rate. Bioresource Technology, 97(5), 701-710. 
Qin Ng, W. P., Lam, H. L., Ng, F. Y., Kamal, M., & Ee Lim, J. H. (2012). Waste-to-
wealth: Green potential from palm biomass in Malaysia. Journal of Cleaner 
Production(0), doi: 10.1016/j.jclepro.2012.1004.1004. 
Qu, T., Guo, W., Shen, L., Xiao, J., & Zhao, K. (2011). Experimental study of biomass 
pyrolysis based on three major components: Hemicellulose, cellulose, and 
lignin. Industrial & Engineering Chemistry Research, 50(18), 10424-10433. 
Quek, A., & Balasubramanian, R. (2013). Liquefaction of waste tires by pyrolysis for 
oil and chemicals - A review. Journal of Analytical and Applied Pyrolysis, 
101(0), 1-16. 
234 
 
Raj, R. E., Kennedy, Z. R., & Pillai, B. C. (2013). Optimization of process parameters 
in flash pyrolysis of waste tyres to liquid and gaseous fuel in a fluidized bed 
reactor. Energy Conversion and Management, 67, 145–151. 
Rasrendra, C. B., Girisuta, B., van de Bovenkamp, H. H., Winkelman, J. G. M., 
Leijenhorst, E. J., Venderbosch, R. H., et al. (2011). Recovery of acetic acid 
from an aqueous pyrolysis oil phase by reactive extraction using tri-n-
octylamine. Chemical Engineering Journal, 176 -177, 244-252. 
Rotliwala, Y. C., & Parikh, P. A. (2011). Study on thermal co-pyrolysis of jatropha 
deoiled cake and polyolefins. Waste Management & Research, 29(12), 1251-
1261. 
Rui, L., Shu-bin, W., Gao-jin, L., & Da-liang, G. (2010). Pyrolytic products from rice 
straw and enzymatic/mild acidolysis lignin (emal). BioResources, 5(4), 2184-
2194. 
Rutkowski, P., & Kubacki, A. (2006). Influence of polystyrene addition to cellulose on 
chemical structure and properties of bio-oil obtained during pyrolysis. Energy 
Conversion and Management, 47(6), 716-731. 
Rutkowski, P. (2009). Influence of zinc chloride addition on the chemical structure of 
bio-oil obtained during co-pyrolysis of wood/synthetic polymer blends. Waste 
Management, 29(12), 2983-2993. 
Salehi, E., Abedi, J., & Harding, T. (2009). Bio-oil from sawdust: Pyrolysis of sawdust 
in a fixed-bed system. Energy & Fuels, 23(7), 3767-3772. 
Samanya, J., Hornung, A., Apfelbacher, A., & Vale, P. (2012). Characteristics of the 
upper phase of bio-oil obtained from co-pyrolysis of sewage sludge with wood, 
rapeseed and straw. Journal of Analytical and Applied Pyrolysis, 94(0), 120-125. 
Samolada, M. C., Baldauf, W., & Vasalos, I. A. (1998). Production of a bio-gasoline by 
upgrading biomass flash pyrolysis liquids via hydrogen processing and catalytic 
cracking. Fuel, 77(14), 1667-1675. 
Samolada, M. C., Papafotica, A., & Vasalos, I. A. (2000). Catalyst evaluation for 
catalytic biomass pyrolysis. Energy & Fuels, 14(6), 1161-1167. 
Sánchez, M. E., Martínez, O., Gómez, X., & Morán, A. (2007). Pyrolysis of mixtures of 
sewage sludge and manure: A comparison of the results obtained in the 
laboratory (semi-pilot) and in a pilot plant. Waste Management, 27(10), 1328-
1334. 
Scheirs, J. (2006). Overview of Commercial Pyrolysis Processes for Waste Plastics. In 
Feedstock Recycling and Pyrolysis of Waste Plastics (pp. 381-433): John Wiley 
& Sons, Ltd. 
Şensöz, S., & Kaynar, İ. (2006). Bio-oil production from soybean (Glycine max L.); 
fuel properties of Bio-oil. Industrial Crops and Products, 23(1), 99-105. 
Shafiee, S., & Topal, E. (2009). When will fossil fuel reserves be diminished? Energy 
Policy, 37(1), 181-189. 
235 
 
Shah, J., Jan, M. R., & Mabood, F. (2009). Recovery of value-added products from the 
catalytic pyrolysis of waste tyre. Energy Conversion and Management, 50(4), 
991-994. 
Sharma, R. K., & Bakhshi, N. N. (1993). Catalytic upgrading of pyrolysis oil. Energy & 
Fuels, 7(2), 306-314. 
Sharma, S., & Ghoshal, A. K. (2012). Study of kinetics of co-pyrolysis of coal and 
waste LDPE blends under argon atmosphere. Fuel, 89(12), 3943-3951. 
Sharypov, V. I., Marin, N., Beregovtsova, N. G., Baryshnikov, S. V., Kuznetsov, B. N., 
Cebolla, V. L., et al. (2002). Co-pyrolysis of wood biomass and synthetic 
polymer mixtures. Part I: influence of experimental conditions on the evolution 
of solids, liquids and gases. Journal of Analytical and Applied Pyrolysis, 64(1), 
15-28. 
Shelley, M. D., & El-Halwagi, M. M. (1999). Techno-Economic Feasibility and 
Flowsheet Synthesis of Scrap Tire/Plastic Waste Liquefaction. Journal of 
Elastomers and Plastics, 31(3), 232-254. 
Shirazi, L., Jamshidi, E., & Ghasemi, M. R. (2008). The effect of Si/Al ratio of ZSM-5 
zeolite on its morphology, acidity and crystal size. Crystal Research and 
Technology, 43(12), 1300-1306. 
Sınağ, A., Uskan, B., & Gülbay, S. (2011). Detailed characterization of the pyrolytic 
liquids obtained by pyrolysis of sawdust. Journal of Analytical and Applied 
Pyrolysis, 90(1), 48-52. 
Singh, R. K., & Shadangi, K. P. (2011). Liquid fuel from castor seeds by pyrolysis. 
Fuel, 90(7), 2538-2544. 
Siva, M., Onenc, S., Uçar, S., & Yanik, J. (2013). Influence of oily wastes on the 
pyrolysis of scrap tire. Energy Conversion and Management, 75(0), 474-481. 
Siwar, C. (2008). Solid waste management: recycling, green jobs and challenges in 
Malaysia. In: ILO research conference “Green Jobs for Asia & Pacific”. 21–23 
April 2008. 
Su, S.-N., Nie, H.-L., Zhu, L.-M., & Chen, T.-X. (2009). Optimization of adsorption 
conditions of papain on dye affinity membrane using response surface 
methodology. Bioresource Technology, 100(8), 2336-2340. 
Sudirman, L. I., Sutrisna, A., Listiyowati, S., Fadli, L., & Tarigan, B. (2011). The 
potency of oil palm plantation wastes for mushroom production. Proceedings of 
the 7th International Conference on Mushroom Biology and Mushroom 
Products, France,, 383-389. 
Sulaiman, F., & Abdullah, N. (2011). Optimum conditions for maximising pyrolysis 
liquids of oil palm empty fruit bunches. Energy, 36(5), 2352-2359. 
Sumathi, S., Chai, S. P., & Mohamed, A. R. (2008). Utilization of oil palm as a source 
of renewable energy in Malaysia. Renewable and Sustainable Energy Reviews, 
12(9), 2404-2421. 
236 
 
Sun, J.-P., Sui, S.-J., Zhang, Z.-J., Tan, S., & Wang, Q.-W. (2013). Study on the 
Pyrolytic Behavior of Wood-Plastic Composites using Py-GC/MS. 
BioResources, 8, 6196-6210. 
Szuba, J., & Michalik, L. (1982). Co-pyrolysis as a method of upgrading some products 
of coal processing. Fuel, 61(12), 1201-1206. 
Tan, I. A. W., Ahmad, A. L., & Hameed, B. H. (2008). Optimization of preparation 
conditions for activated carbons from coconut husk using response surface 
methodology. Chemical Engineering Journal, 137(3), 462-470. 
Teella, A., Huber, G. W., & Ford, D. M. (2011). Separation of acetic acid from the 
aqueous fraction of fast pyrolysis bio-oils using nanofiltration and reverse 
osmosis membranes. Journal of Membrane Science, 378(1-2), 495-502. 
Thangalazhy-Gopakumar, S., Adhikari, S., Ravindran, H., Gupta, R. B., Fasina, O., Tu, 
M., et al. (2010). Physiochemical properties of bio-oil produced at various 
temperatures from pine wood using an auger reactor. Bioresource Technology, 
101(21), 8389-8395. 
Thiruvangodan, S. K. (2006). Waste tyre management in Malaysia, in Ph.D Thesis, 
Universiti Putra Malaysia, Malaysia. 
Toba, M., Abe, Y., Kuramochi, H., Osako, M., Mochizuki, T., & Yoshimura, Y. (2011). 
Hydrodeoxygenation of waste vegetable oil over sulfide catalysts. Catalysis 
Today, 164(1), 533-537. 
Tsamba, A. J., Yang, W., & Blasiak, W. (2006). Pyrolysis characteristics and global 
kinetics of coconut and cashew nut shells. Fuel Processing Technology, 87(6), 
523-530. 
Ucar, S., Karagoz, S., Ozkan, A. R., & Yanik, J. (2005). Evaluation of two different 
scrap tires as hydrocarbon source by pyrolysis. Fuel, 84(14-15), 1884-1892. 
Uçar, S., Karagöz, S., Yanik, J., Saglam, M., & Yuksel, M. (2005). Copyrolysis of scrap 
tires with waste lubricant oil. Fuel Processing Technology, 87(1), 53-58. 
Uçar, S., & Karagöz, S. (2009). The slow pyrolysis of pomegranate seeds: The effect of 
temperature on the product yields and bio-oil properties. Journal of Analytical 
and Applied Pyrolysis, 84(2), 151-156. 
Uzun, B. B., Apaydin-Varol, E., Ateş, F., Özbay, N., & Pütün, A. E. (2010). Synthetic 
fuel production from tea waste: Characterisation of bio-oil and bio-char. Fuel, 
89(1), 176-184. 
Vamvuka, D. (2011). Bio-oil, solid and gaseous biofuels from biomass pyrolysis 
processes—An overview. International Journal of Energy Research, 35(10), 
835-862. 
Vanreppelen, K., Kuppens, T., Thewys, T., Carleer, R., Yperman, J., & Schreurs, S. 
(2011). Activated carbon from co-pyrolysis of particle board and melamine 
(urea) formaldehyde resin: A techno-economic evaluation. Chemical 
Engineering Journal, 172(2-3), 835-846. 
237 
 
Velghe, I., Carleer, R., Yperman, J., & Schreurs, S. (2011). Study of the pyrolysis of 
municipal solid waste for the production of valuable products. Journal of 
Analytical and Applied Pyrolysis, 92(2), 366-375. 
Venderbosch, R. H., & Prins, W. (2010a). Fast Pyrolysis of Biomass for Energy and 
Chemicals: Technologies at Various Scales. In Sustainable Development in the 
Process Industries (pp. 109-155): John Wiley & Sons, Inc. 
Venderbosch, R. H., & Prins, W. (2010b). Fast pyrolysis technology development. 
Biofuels, Bioproducts and Biorefining, 4(2), 178-208. 
Veses, A., Aznar, M., Martínez, I., Martínez, J. D., López, J. M., Navarro, M. V., et al. 
(2014). Catalytic pyrolysis of wood biomass in an auger reactor using calcium-
based catalysts. Bioresource Technology, 162(0), 250-258. 
Vitasari, C. R., Meindersma, G. W., & de Haan, A. B. (2011). Water extraction of 
pyrolysis oil: The first step for the recovery of renewable chemicals. 
Bioresource Technology, 102(14), 7204-7210. 
Vitolo, S., Bresci, B., Seggiani, M., & Gallo, M. G. (2001). Catalytic upgrading of 
pyrolytic oils over HZSM-5 zeolite: behaviour of the catalyst when used in 
repeated upgrading-regenerating cycles. Fuel, 80(1), 17-26. 
Vitolo, S., Seggiani, M., Frediani, P., Ambrosini, G., & Politi, L. (1999). Catalytic 
upgrading of pyrolytic oils to fuel over different zeolites. Fuel, 78(10), 1147-
1159. 
Wang, G., & Li, A. (2008). Thermal Decomposition and Kinetics of Mixtures of 
Polylactic Acid and Biomass during Copyrolysis. Chinese Journal of Chemical 
Engineering, 16(6), 929-933. 
Wei, L.-g., Zhang, L., & Xu, S.-p. (2011). Effects of feedstock on co-pyrolysis of 
biomass and coal in a free-fall reactor. Journal of Fuel Chemistry and 
Technology, 39(10), 728-734. 
Weiland, N. T., Means, N. C., & Morreale, B. D. (2012). Product distributions from 
isothermal co-pyrolysis of coal and biomass. Fuel, 94(0), 563-570. 
Westerhof, R. J. M., Kuipers, N. J. M., Kersten, S. R. A., & van Swaaij, W. P. M. 
(2007). Controlling the Water Content of Biomass Fast Pyrolysis Oil. Industrial 
& Engineering Chemistry Research, 46(26), 9238-9247. 
Williams, E. A., & Williams, P. T. (1997). The pyrolysis of individual plastics and a 
plastic mixture in a fixed bed reactor. Journal of Chemical Technology & 
Biotechnology, 70(1), 9-20. 
Williams, P. T. (2013). Pyrolysis of waste tyres: A review. Waste Management, 33(8), 
1714-1728. 
Williams, P. T., & Besler, S. (1993). The pyrolysis of rice husks in a thermogravimetric 
analyser and static batch reactor. Fuel, 72(2), 151-159. 
Williams, P. T., Bottrill, R. P., & Cunliffe, A. M. (1998). Combustion of Tyre Pyrolysis 
Oil. Process Safety and Environmental Protection, 76(4), 291-301. 
238 
 
Williams, P. T., & Brindle, A. J. (2002). Catalytic pyrolysis of tyres: influence of 
catalyst temperature. Fuel, 81(18), 2425-2434. 
Williams, P. T., & Horne, P. A. (1995). The influence of catalyst type on the 
composition of upgraded biomass pyrolysis oils. Journal of Analytical and 
Applied Pyrolysis, 31, 39-61. 
Williams, P. T., & Nugranad, N. (2000). Comparison of products from the pyrolysis and 
catalytic pyrolysis of rice husks. Energy, 25(6), 493-513. 
Williams, P. T., & Reed, A. R. (2003). Pre-formed activated carbon matting derived 
from the pyrolysis of biomass natural fibre textile waste. Journal of Analytical 
and Applied Pyrolysis, 70(2), 563-577. 
Williams, P. T., & Williams, E. A. (1998). Interaction of Plastics in Mixed-Plastics 
Pyrolysis. Energy & Fuels, 13(1), 188-196. 
World Bank. Agricultural land (% of land area). 
http://data.worldbank.org/indicator/AG.LND.AGRI.ZS. Accessed 17 September 
2012. 
Wu, C., Wang, Z., Huang, J., & Williams, P. T. (2013). Pyrolysis/gasification of 
cellulose, hemicellulose and lignin for hydrogen production in the presence of 
various nickel-based catalysts. Fuel, 106(0), 697-706. 
Xiu, S., Shahbazi, A., Shirley, V., & Cheng, D. (2010). Hydrothermal pyrolysis of 
swine manure to bio-oil: Effects of operating parameters on products yield and 
characterization of bio-oil. Journal of Analytical and Applied Pyrolysis, 88(1), 
73-79. 
Xu, Y., Wang, T., Ma, L., Zhang, Q., & Liang, W. (2010). Upgrading of the liquid fuel 
from fast pyrolysis of biomass over MoNi/γ-Al2O3 catalysts. Applied Energy, 
87(9), 2886-2891. 
Xu, Y., Wang, T., Ma, L., Zhang, Q., & Wang, L. (2009). Upgrading of liquid fuel from 
the vacum pyrolysis of biomass over the Mo-Ni/γ-Al2O3 catalysts. Biomass and 
Bioenergy, 33(8), 1030-1036. 
Yang, H., Yan, R., Chin, T., Liang, D. T., Chen, H., & Zheng, C. (2004). 
Thermogravimetric analysis−fourier transform infrared analysis of palm oil 
waste pyrolysis. Energy & Fuels, 18(6), 1814-1821. 
Yang, H., Yan, R., Chen, H., Lee, D. H., Liang, D. T., & Zheng, C. (2006). Mechanism 
of Palm Oil Waste Pyrolysis in a Packed Bed. Energy & Fuels, 20(3), 1321-
1328. 
Yang, H., Yan, R., Chen, H., Lee, D. H., & Zheng, C. (2007). Characteristics of 
hemicellulose, cellulose and lignin pyrolysis. Fuel, 86(12-13), 1781-1788. 
Yang, Y., Brammer, J. G., Ouadi, M., Samanya, J., Hornung, A., Xu, H. M., et al. 
(2013). Characterisation of waste derived intermediate pyrolysis oils for use as 
diesel engine fuels. Fuel, 103(0), 247-257. 
239 
 
Ye, J. L., Cao, Q., & Zhao, Y. S. (2008). Co-pyrolysis of Polypropylene and Biomass. 
Energy Sources, Part A: Recovery, Utilization, and Environmental Effects, 
30(18), 1689-1697. 
Yu, F., Deng, S., Chen, P., Liu, Y., Wan, Y., Olson, A., et al. (2007). Physical and 
chemical properties of bio-oils from microwave pyrolysis of corn stover. 
Applied Biochemistry and Biotechnology, 137-140(1-12), 957-970. 
Yu, H., Zhang, Z., Li, Z., & Chen, D. (2014). Characteristics of tar formation during 
cellulose, hemicellulose and lignin gasification. Fuel, 118(0), 250-256. 
Zabaniotou, A., Ioannidou, O., Antonakou, E., & Lappas, A. (2008). Experimental 
study of pyrolysis for potential energy, hydrogen and carbon material production 
from lignocellulosic biomass. International Journal of Hydrogen Energy, 
33(10), 2433-2444. 
Zaman, A. U. (2010). Comparative study of municipal solid waste treatment 
technologies using life cycle assessment method. International Journal of 
Environmental Science & Technology, 7(2), 225-234. 
Zannikos, F., Kalligeros, S., Anastopoulos, G., & Lois, E. (2013). Converting biomass 
and waste plastic to solid fuel briquettes. Journal of Renewable Energy, 2013, 9. 
Zevenhoven, R., Axelsen, E. P., & Hupa, M. (2002). Pyrolysis of waste-derived fuel 
mixtures containing PVC. Fuel, 81(4), 507-510. 
Zhang, H., Xiao, R., Huang, H., & Xiao, G. (2009). Comparison of non-catalytic and 
catalytic fast pyrolysis of corncob in a fluidized bed reactor. Bioresource 
Technology, 100(3), 1428-1434. 
Zhang, L., Xu, S., Zhao, W., & Liu, S. (2007). Co-pyrolysis of biomass and coal in a 
free fall reactor. Fuel, 86(3), 353-359. 
Zhang, L., Liu, R., Yin, R., & Mei, Y. (2013). Upgrading of bio-oil from biomass fast 
pyrolysis in China: A review. Renewable and Sustainable Energy Reviews, 24, 
66-72. 
Zhang, Q., Chang, J., Wang, T., & Xu, Y. (2007). Review of biomass pyrolysis oil 
properties and upgrading research. Energy Conversion and Management, 48(1), 
87-92. 
Zhang, S.-p., Li, X.-j., Li, Q.-y., Xu, Q.-l., & Yan, Y.-j. (2011). Hydrogen production 
from the aqueous phase derived from fast pyrolysis of biomass. Journal of 
Analytical and Applied Pyrolysis, 92(1), 158-163. 
Zhang, S., Yan, Y., Li, T., & Ren, Z. (2005). Upgrading of liquid fuel from the 
pyrolysis of biomass. Bioresource Technology, 96(5), 545-550. 
Zheng, J.-L. (2007). Bio-oil from fast pyrolysis of rice husk: Yields and related 
properties and improvement of the pyrolysis system. Journal of Analytical and 
Applied Pyrolysis, 80(1), 30-35. 
Zheng, J.-L. (2008). Pyrolysis oil from fast pyrolysis of maize stalk. Journal of 
Analytical and Applied Pyrolysis, 83(2), 205-212. 
240 
 
Zheng, J.-L., & Kong, Y.-P. (2010). Spray combustion properties of fast pyrolysis bio-
oil produced from rice husk. Energy Conversion and Management, 51(1), 182-
188. 
Zheng, J.-l., Yi, W.-m., & Wang, N.-n. (2008). Bio-oil production from cotton stalk. 
Energy Conversion and Management, 49(6), 1724-1730. 
Zhou, L., Wang, Y., Huang, Q., & Cai, J. (2006). Thermogravimetric characteristics and 
kinetic of plastic and biomass blends co-pyrolysis. Fuel Processing Technology, 
87(11), 963-969. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
241 
 
APPENDIX A: LIST OF PUBLICATIONS 
 
Academic Journal (Published) 
 
Faisal Abnisa, Arash Arami-Niya, W. M. A. Wan Daud, J. N. Sahu, Characterization of 
Bio-oil and Bio-char from Pyrolysis of Palm Oil Wastes, BioEnergy Research, 2013, 
Vol 6, pp 830-840, Springer Link. (ISI-cited publication) 
 
Faisal Abnisa, Arash Arami-Niya, W. M. A. Wan Daud, J. N. Sahu, I.M. Noor, 
Utilization of oil palm tree residues to produce bio-oil and bio-char via pyrolysis, 
Energy Conversion and Management, 2013, Vol 76, pp 1073-1082, Elsevier. (ISI-cited 
publication) 
 
Faisal Abnisa, W.M.A. Wan Daud, Sujahta Ramalingam, Muhamad  Naqiuddin Bin M. 
Azemi, J.N. Sahu, Co-pyrolysis of palm shell and polystyrene waste mixtures to 
synthesis liquid fuel, Fuel, 2013, Vol 108, pp 311-318, Elsevier. (ISI-cited publication) 
 
Faisal Abnisa, W. M. A. Wan Daud, J. N. Sahu, Pyrolysis of mixtures of palm shell 
and polystyrene: An optional method to produce a high-grade of pyrolysis oil, 
Environmental Progress and Sustainable Energy, 2014, Vol 33, Issue 3, pp 1026-1033, 
Wiley. (ISI-cited publication) 
 
Faisal Abnisa, W. M. A. Wan Daud, Arash Arami-Niya, Brahim Si Ali, and J. N. Sahu, 
Recovery of Liquid Fuel from the Aqueous Phase of Pyrolysis Oil Using Catalytic 
Conversion, Energy & Fuels, 2014, Vol 28(5), pp 3074-3085, American Chemical 
Society. (ISI-cited publication) 
 
Faisal Abnisa and W.M.A. Wan Daud, A review on co-pyrolysis of biomass: an 
optional technique to obtain a high-grade pyrolysis oil, Energy Conversion and 
Management, 2014, Vol 87, pp 71-85, Elsevier. (ISI-cited publication) 
 
Faisal Abnisa and W.M.A. Wan Daud, Optimization of fuel recovery through the 
stepwise co-pyrolysis of palm shell and scrap tire, Energy Conversion and Management, 
2015, Vol 99, pp 334-345, Elsevier. (ISI-cited publication) 
 
 
 
Conference proceedings 
 
Faisal Abnisa, W. M. A. Wan Daud, J. N. Sahu, in Proceedings of Fourth International 
Symposium on Energy from Biomass and Waste-Venice 2012, 12-15 November in San 
Servolo, Venice, Italy. (Oral presentation by Mr. Faisal Abnisa) 
 
Faisal Abnisa, W. M. A. Wan Daud, J. N. Sahu, in Proceedings of Management of Raw 
Materials for Metallurgical and Power Industries 2013, 9 - 11 January, 2013, 
Bhubaneswar, India. (Oral presentation by Dr. J.N. Sahu) 
 
 
 
Characterization of Bio-oil and Bio-char from Pyrolysis
of Palm Oil Wastes
Faisal Abnisa & Arash Arami-Niya &
W. M. A. Wan Daud & J. N. Sahu
Published online: 19 February 2013
# Springer Science+Business Media New York 2013
Abstract The residues from the palm oil industry are the
main contributors to biomass waste in Malaysia, and these
wastes require extra attention with respect to handling. The
biomass waste is a renewable resource that can potentially be
used to produce absorbents, fuels, and chemical feedstocks
through the pyrolysis process. In this study, the wastes of palm
shell, empty fruit bunches, and mesocarp fiber were charac-
terized and then pyrolyzed in a fixed-bed reactor under the
following conditions: a temperature of 500 °C, a nitrogen flow
rate of 2 L/min and reaction time of 60 min. After pyrolysis,
characterization of the products with an emphasis on the bio-
oil and the bio-char was performed using various approaches
(including Karl Fischer water-content tests, FTIR, SEM, TGA
and CNH/O analyses). The results showed that the pyrolysis
of palm oil wastes yielded more bio-oil than bio-char or non-
condensable gases. The results also indicated that all of the
bio-oils were acidic and contained high levels of oxygen. The
bio-oils heating values were low and varied from 10.49MJ/kg
to 14.78 MJ/kg. The heating values of the bio-chars (20–
30 MJ/kg) were higher than those of the bio-oils. Among the
biomasses studied in this work, palm shell contained the high-
est level of lignin and showed the highest levels of bio-char
yield and fixed and elemental carbon in the raw and bio-char
form.
Keywords Palm shell . Empty fruit bunches . Mesocarp
fiber . Pyrolysis . Bio-oil . Bio-char
Introduction
Currently, the utilization of biomass for energy is expected
to contribute substantially to the projected renewable energy
supplies of the future. The availability of biomass is a basic
parameter in the control of energy supplies. Theoretically,
biomass resources are the world’s largest sustainable energy
source and represent approximately 220 billion oven dry
tons of annual primary production [1]. As an alternative
energy source, biomass can be used by direct combustion
or be converted into other energy products, such as liquid
bio-oil or bio-char. Over the past few years, the development
of products from biomass through the pyrolysis technique
has been intensively investigated.
Pyrolysis is one of the most promising processes to convert
biomass to bio-oil, bio-char, and noncondensable gases. The
process typically occurs at high operating temperatures and in
the absence of oxygen. The pyrolysis involves a series of
exothermic and endothermic reactions. The exothermic reac-
tion that involves the cracking of organic matter into small
fractions occurs at low temperatures during the initial stage of
pyrolysis. As the process temperature is increased, some of the
primary products are vaporized and cracked into secondary
products. The conditions for the vaporization and secondary
cracking are usually described as endothermic reactions [2].
Biomass such as wood, bagasse, rice hulls, rice straw, peanut
hulls, oat hulls, wheat straw, rice hulls, and coconut fiber is
commonly used in the process [3, 4]. Numerous studies have
shown that as much as 70 wt% of biomass is converted to bio-
oil via pyrolysis [5]. The bio-oil increases the added value of
biomass because it is easy to store, pump and transport [6].
However, the yield of bio-char as the other product of the
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pyrolysis process is approximately 15–25% [4]. The char may
be used as solid fuels through its conversion into briquettes. It
can also be mixed with biomass and be further used to satisfy
the total energy requirements of the pyrolysis plant because it
has a high calorific value [7].
Bio-oil, as a renewable liquid, is the main product of the
pyrolysis of biomass, which can potentially be used as a fuel
or chemical feedstock. The physical form of the liquid is dark-
brown in color and free-flowing and has a strong acrid smell.
The chemical composition depends predominantly on the
biomass used and the conditions used in the process. Bio-oil
is derived from the depolymerization of cellulose, hemicellu-
lose and lignin. In general, the major identified compounds of
the bio-oil are water, acids, alcohols, ketones, aldehydes,
phenols, ethers, esters, sugars, furans, nitrogen compounds,
and multifunctional compounds [8, 9]. The oil has the dis-
advantages of corrosiveness, instability, a low heating value,
and a high moisture content, which is the result of its high
oxygen content (35–60 wt%) [10]. As a consequence, the
combustion properties of bio-oil need to be upgraded before
it can be used as a substitute for conventional fuels.
Furthermore, the pyrolysis of biomass also produces gas
and char as byproducts. The gas produced by using pyrolysis
represents approximately 13 wt% of the used biomass. Be-
cause of its high calorific value, the gas product can be used to
offset the total energy requirements of the pyrolysis plant [11].
High temperatures and longer residence times are the best
conditions for increasing the conversion of biomass to gas
[12]. Additionally, the obtained char may be used in different
industries, such as for the production of chemicals, activated
carbon, carbon nanotubes, carbon fibers, etc. The produced
bio-char is also a better fuel than the precursor biomass, which
means that it can be used as a high-efficiency solid fuel
(converted into briquettes alone or mixed with biomass) in
boilers where bagasse or other biomass is burnt [13]. The
production of hydrogen-rich gas by thermal cracking in the
gasification process is another possible application of pro-
duced bio-char [14]. In addition, bio-char can be used in
agriculture to reduce negative environmental and soil-quality
repercussions of harvesting. Bio-char is highly absorbent and
therefore increases the ability of soils to retain water, nutrients
and agricultural chemicals and thereby prevents water con-
tamination and soil erosion [15].
Malaysia produces a high amount of agricultural waste
each year [16], and most of it originates from the palm oil
mill industry. Each ton of fresh fruit bunches will produce 0.91
t of biomass waste during the process, which includes palm
shell, empty fruit bunches (EFB), and mesocarp fiber [17].
Figure 1 shows the wastes generated from oil palm trees. In
2007, researchers estimated that the amounts of waste were
approximately 4.7, 15.8, and 9.6 million tons for palm shell,
EFB, and mesocarp fiber, respectively [18]. In general, the
wastes are not fully utilized and continue to be used to cover
the road surface in plantation areas or burnt, which contributes
to increasing CO2 emissions [19]. The conversion of palm oil
waste to bio-oil and bio-char could solve the disposal prob-
lem, decrease the costs of waste treatment, increase the added
value of the waste and solve some environmental problems.
In this study, palm oil wastes, including palm shell, EFB,
and mesocarp fiber, were characterized and then pyrolyzed
in fixed-bed reactor. The same pyrolysis conditions of tem-
perature, particle size, reaction time, and N2 flow rate were
used for all of the experiments to obtain the yields of bio-oil
and bio-char. Furthermore, the products were characterized
using several laboratory instruments to obtain an overview
of their chemical and physical properties.
Materials and Methods
Raw Materials
The palm oil wastes were obtained from Sime Darby Plan-
tation in Selangor Darul Ehsan, Malaysia. The waste includ-
ed palm shell, EFB, and mesocarp fiber. The samples were
washed and subsequently dried under the sun for 1 day. The
dried samples were ground and screened to give particle
sizes that ranged from 1.0 to 2.0 mm, then dried again in an
oven at 105 °C for 24 h to remove moisture.
Pyrolysis Procedure
The pyrolysis procedure was performed by charging 200 g of
the sample into a 310 stainless steel reactor with a length of
127 cm, an internal diameter of 2.5 cm and outer diameter of
2.7 cm. The reactor was heated using an electric furnace, and
the temperature was monitored using a K-type thermocouple
placed inside the reactor. A detailed figure of the pyrolysis
apparatus has been previously described by Abnisa et al. [19].
Fig. 1 The wastes generated from oil palm trees
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Nitrogen gas (N2) was used as an inert gas to purge air from
inside the reactor; the purging was continued from the start of
the process until its completion. The condensable products, as
bio-oils, were collected in a series of condensers and stored at
0.5 °C; the products were subsequently weighed to obtain the
weight of bio-oil. The bio-char was collected from the inside
of the rector and weighed. The final yields of bio-oil and bio-
char were calculated as follows:
YOP ¼ X1X2  100%; ð1Þ
where YOP is the yield of product, X1 is the mass of either bio-
oil or bio-char, and X2 is the initial weight of the raw material.
The yield of gas was determined by difference.
Some literature studies [4, 5, 20] and our previous study
[19] have shown that the optimum yield of bio-oil is obtained
under conditions of 500 °C, a particle size of 1–2 mm, a
reaction time of 1 h, and anN2 flow rate of 2 L/min. Therefore,
in this study, these same conditions were used for all of the
experiments. The heating rate was 10 °C/min. To validate the
data, each experiment was repeated in 3–5 replicates, and the
average result was taken as the final yield. The reactor,
condenser, and piping system were sterilized before
being used for different samples to avoid contamination
of the samples.
Characterizations
Before analysis, bio-oil was separated into two fractions by a
centrifugation process based on a procedure developed by
Bartero et al. [21]. The process was performed by 8 min
centrifugation at 3,200 rpm and the fractions after centrifuga-
tion are referred to as upper and bottom layers. Afterwards,
several laboratory tests were conducted to characterize the
properties of the bio-oils. A Metrohm 827 pH meter was used
to analyze the pH of the bio-oils, and the measurements were
performed at room temperature. The water content was mea-
sured using a Karl-Fischer 737 KF Coulometer from Met-
rohm. Hydranal-coulomat AG (80 mL) and Hydranal-
coulomat CG (5 mL) were used as anolyte and catholyte
reagents, respectively. The densities of the bio-oils were mea-
sured using a pycnometer with volume of 25mL. The analysis
was performed at 24 °C.
To analyze the functional group compositions of the raw
materials, bio-oils, and bio-chars, a Perkin Elmer FTIR
spectrometer (Spectrum 400) was used to generate the in-
frared (IR) spectra of the samples. The samples were
scanned in the range of 400 to 4,000 cm−1 with a resolution
of 4 cm−1. Special preparation was performed for FTIR
analysis of raw materials and bio-chars. The sample of
0.1 g was mixed with 1 g of spectroscopy grade KBr in
mortar porcelain. The mixed sample was converted to a
solid disc which was placed in an oven at 105 °C for 4 h
to avoid any interference with any existing water vapor of
carbon dioxide molecules. A solid disc of pure KBr was
used as a reference sample for background measurements.
The proximate analysis of both the precursors and the
products was conducted according to ASTM D 7,582–10 by
using thermal gravimetric analysis (TGA), and the results
were expressed in terms of moisture, volatile matter, fixed
carbon and ash contents. The carbon (C), hydrogen (H),
nitrogen (N), and oxygen (O) contents of the samples were
determined using a Perkin-Elmer model 2400, Series II
CHNS/O analyzer. CHN combustion tube and reduction
tube were used for this determination. As reported in liter-
ature [19, 22, 23], palm oil wastes have very low sulfur
content (around 0.1 wt%), thus, the value of it was not
determined in this study. The results of the proximate and
ultimate analyses of the palm oil wastes are listed in Table 1.
The lignocellulosic contents of palm oil wastes were deter-
mined by using gravimetric method, and the results are
presented in Table 2.
In this study, the high heating value (HHV) was calcu-
lated from the elemental compositions using the Dulong-
type formula modified by Mott and Spooner (see Eq. 2)
because the oxygen content in the products and raw materi-
als were found to be greater than 15 wt% [24, 25].
HHV MJ=kgð Þ ¼ 0:336 Cþ 1:418 H 0:153 0:000720 Oð Þ
Oþ 0:0941 S
ð2Þ
Scanning electron microscopy (SEM) experiments were
conducted to identify the physical morphology of the surfa-
ces. A JSM-6390LV (JEOL, Japan) operated at a 3 kV
accelerating voltage was used to characterize the morphol-
ogy of the precursor and the bio-chars, which were dried
overnight at approximately 105 °C under vacuum before
SEM analysis. No conductive coating was applied to pre-
pare the samples for SEM. In addition, to reduce the margin
of error and to produce more reliable data, each analysis of
products from all experimental works was repeated three
times and the results were averaged.
Results and Discussion
Raw Materials
The lignocellulosic contents of palm shell, EFB, and meso-
carp fiber are tabulated in Table 2. The observed cellulose
content of EFB was greater than that of palm shell and
mesocarp fiber, whereas a high hemicellulose content was
found in the mesocarp fiber material. According to Mohan
et al. [4], during pyrolysis, the degradation of cellulose
content began at 240 °C, and the reaction was complete
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when the temperature reached 360 °C. They also explained
that lower temperatures of approximately 200–260 °C were
needed to degrade hemicellulose. The organic acids, such as
formic acid and acetic acid, are products formed from the
degradation of the hemicellulose and cellulose, and the acid
content is responsible for the low pH in bio-oil [5]. In
addition, the degradation of hemicellulose resulted in more
volatiles, less tars, and less chars than cellulose.
In this study, the highest lignin content was observed for
the palm shell material. Lignin is known as the most ther-
mally resistant component compare to cellulose and hemi-
cellulose because it possesses a more complex chemical
composition; therefore, high-temperature conditions from
280 to 500 °C are necessary to decompose the lignin.
Approximately 25–30 % of aqueous compounds gained
from decomposition of the lignin was composed of metha-
nol, acetic acid, acetone, and water. However, the presence
of lignin in biomass favors the production of a high amount
of char [26].
Results of the proximate and ultimate analysis of the
untreated biomasses are given in Table 1. The proximate
analysis gives the fixed carbon, volatile and ash content of
the samples. As evident from the results in Table 1, all of the
samples contained a high concentration of volatiles. This
volatiles content was contributed by the degradation of
hemicellulose at 200–260 °C contained in the samples [4].
The presence of volatiles favors the production of a large
amount of bio-oil. Omar et al. have found that a high
volatile content provides the advantages of high volatility
and reactivity, which is favorable for liquid fuel production
[27]. A higher percentage of fixed carbon in palm shell
compared to that in other raw materials is also notable
because such a material would result in a product with a
higher carbon content after pyrolysis.
The ultimate analysis showed that the raw materials of
palm shell, EFB, and mesocarp fiber consisted of moderately
high contents of carbon and oxygen. The hydrogen content in
all the palm oil wastes was low. However, the nitrogen content
was found to be the lowest in the palm oil wastes among the
analyzed elements.
The IR spectra of palm shell, EFB, and mesocarp fiber
are shown in Fig. 2. The typical functional groups and the
IR signals are listed in Table 3, along with a list of the
possible compounds that may be responsible for each signal
as a reference [28–30]. The spectra of both EFB and meso-
carp fiber are similar with respect to their shapes and their
intensities. The infrared spectra of palm oil shell exhibited
weaker IR absorbances compared to those of mesocarp fiber
Table 1 Proximate and ultimate
analyses of palm oil wastes
aBy difference
Type of palm oil wastes Proximate analysis (wt%) Ultimate analysis (wt%)
Moisture Volatile Fixed carbon Ash C H N Oa
Palm shell 4.7 73.5 13.2 8.6 52.05 5.37 0.49 42.10
EFB 6.9 79.4 10.8 2.9 43.06 5.98 0.55 50.42
Mesocarp fiber 8.6 78 7.6 5.8 45.03 6.15 0.94 47.89
Table 2 The lignocellulosic contents of palm oil wastes
Type of palm
oil wastes
Cellulose (%) Hemicellulose (%) Lignin (%)
Palm shell 27.7 21.6 44
EFB 51.2 22.5 21.3
Mesocarp fiber 23.7 30.5 27.3
Fig. 2 FTIR spectra rawmaterials of palm shell, EFB, andmesocarp fiber
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and EFB, which may reflect its lower volatiles content [28].
This result is in good agreement with the proximate analysis
results (Table 1).
The most significant band in the spectra in Fig. 2 occurred
at 1,060 cm−1; this band, which exhibits the highest IR absor-
bance, may be due to the presence of ethanol (C–OH). Meso-
carp fiber and palm shell showed the highest and the lowest IR
adsorption intensities, respectively, at this absorbance value.
The high intensities of the bands in the spectra at 1,613 cm−1
and 1,450 cm−1 were mentioned by Yang et al. as possibly
being due to an aromatic skeletal mode that is significantly
intensified by the presence of oxygen-containing polar sub-
stitutes [28].
Bio-oils
Yield of Bio-oils
As evident from the results in Fig. 3, the conversion of raw
material through pyrolysis yielded more bio-oil than bio-char
or noncondensable gases. The same tendencies were found by
Mullen et.al for the fast pyrolysis of two corn residues, corn
cobs, and corn stover [15]. The high oil yield may be due to
the raw materials containing a high fraction of volatiles and
low fraction of ash, as shown in Table 1. Biomass with low
ash fraction favors high oil yields [31], and a high fraction of
volatiles also favors a higher oil yield [32]. The yields of bio-
oils obtained were approximately 47.43 wt%, 45.75 wt%, and
43.87 wt% for palm shell, EFB, and mesocarp fiber, respec-
tively. In addition, the amount of bottom layer obtained after
the centrifugation process was similar for all the samples and
was in the range of 3–8 wt% of the total oil.
Physicochemical Properties of Bio-oils
The physicochemical properties of bio-oils produced from
several palm oil wastes are presented in Table 4. The bio-
oils produced in this study were shown to contain a large
amount of water. The presence of water in the oil arises from
the exothermic dehydration reaction during the initial stage
of pyrolysis (100–300 °C). The highest water content of
68 % was obtained for bio-oil from mesocarp fiber, and
the lowest water content of 41 % was obtained for bio-oil
from EFB. Similar tendencies have been observed for prod-
ucts from the pyrolysis of pine sawdust and mesquite saw-
dust [21].
The bio-oils from the pyrolysis of palm oil wastes
exhibited low pH values that varied from 2.5–3.1. The low
pH values indicated that the oils contain high concentrations
of acidic compounds. As described in the literature, a high
Table 3 The main functional
groups of palm shell, EFB, and
mesocarp fiber
Wavenumber (cm−1) Functional groups Compounds
1 3,600–3,100 (s) O–H stretching vibration Acid, methanol
1,108 (m) O–H association C–OH
1,333 (m) O–H bending
1,440–1,400 (m) OH bending Acid
2 2,860–2,970 (m) C–Hn stretching vibration Alkyl, aliphatic, aromatic
700–900 (m) C–H Aromatic hydrogen
1,402 (m) C–H bending
3 1,700–1,730 (m), C=O stretching Ketone and carbonyl
1,510–1,560 (m)
1,279-1,060 (s) C–O stretching vibration Phenol
1,232 (s) C–O–C stretching Aryl-alkyl ether linkage
1,170 (s), 1,082 (s) C–O–C stretching vibration Pyranose ring skeletal
4 1,632 (w) C=C Benzene stretching ring
1,613 (w), 1,450 (w) C=C stretching Aromatic skeletal mode
5 1,470–1,430 (m) O–CH3 Methoxyl–O–CH3
1,060 (w) C–O stretching and C–O deformation C–OH (ethanol)
700–400 (w) C–C stretching
Fig. 3 Yield of pyrolysis products from different palm oil wastes
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concentration of acidic compounds may result from the
degradation of hemicellulose and lignin during pyrolysis
[33]. A low pH in bio-oil causes corrosion in storage and
piping systems in fluidization.
Density and viscosity are properties related to the liquid
mass flow rate, which significantly affects the performance
of fluid atomizers. The densities of the bio-oils were similar
and in the range of 1,032 to 1,051 kg/m3. The oils are denser
than heavy fuel oil, which typically has a density of approx-
imately 855 kg/m3. All the bio-oils showed similar viscos-
ities in the range of 1.5–1.9 cP when measured at 50 °C.
Inconsistent with the results of a previous study [19], the
bio-oil derived from palm shell showed a lower viscosity
after centrifugation because the bottom layer was separated
from the bio-oil.
The ultimate analysis results of the upper layer of bio-oils
are given in Table 5. The analyses showed that all of the bio-
oils contained high levels of oxygen (greater than 70 %). In
general, the pyrolysis of biomass results in a high oxygen
content in the oil product; however, the oxygen content in
the oils investigated in this study were higher than that
previously reported in literature. Zheng [3] studied the pro-
duction of bio-oil from the fast pyrolysis of rice husk, and
the results showed that the oxygen content in the oil was
approximately 50.3 wt%. In another study, Zheng [34]
reported that the oxygen content was approximately
47.5 wt% in bio-oil produced from the fast pyrolysis of
maize stalk. To investigate the trend of oxygen content in
this study, additional ultimate analyses were performed on
the bottom layer products. As evident from the results in
Table 5, the results showed that bottom layer in all of the
bio-oils contained less oxygen than did the upper layer. The
high level of carbon content in the bottom layer may explain
why the oil exhibited a high oxygen content. A similar
trend was also observed by Sulaiman and Abdullah
[23], where they found that the bottom layer from fast
pyrolysis of EFB contained 69.35 wt% of carbon and
20.02 wt% of oxygen. Mahmood et al. [35] described
that the bottom layer contains the heavy condensable
phase, which are mainly tars, and the upper layer is the
light condensable phase mainly comprising of water.
However, the high oxygen content causes the oils to
have a low calorific value.
Calorific value is an important parameter in the charac-
terization of bio-oil as a fuel. In this study, the calorific
values are given in Table 5 and are represented by HHV.
The HHVof the upper layer products, which was calculated
using Eq. 2, were approximately 10.49 MJ/kg, 14.78 MJ/kg,
and 12.18 MJ/kg for palm shell, EFB, and mesocarp fiber,
respectively. The results were lower than the HHVof bottom
layer. The high carbon content detected in the bottom layer
products contributed to the elevated HHV values. Neverthe-
less, the upper layer products have slightly higher hydrogen
contents than the bottom layer products. Hydrogen is the
most important parameter with respect to elevation of the
HHV because it has the highest heating value among known
fuels [36].
In this study, a FTIR instrument was used to identify
the types of chemical bonds (functional groups) in the
upper layer of bio-oils. The FTIR spectra of the bio-oils
obtained from the pyrolysis of palm oil wastes are
shown in Fig. 4a. The wavelengths of the absorbed
light indicated that the characteristics of the chemical
bonds in the different bio-oils were similar. For all the
bio-oils, the strong absorption bands observed between
3,200 and 3,600 cm−1 (characteristic of O-H stretching)
indicate the presence of phenols and alcohols. The ab-
sorption bands between 1,650 and 1,750 cm−1, which
are related to C=O stretching, indicate the presence of
ketones, carboxylic acids, and aldehydes. The –C–H
Table 4 Physicochemical properties of bio-oils
Type of bio-oils Properties
Water content
(wt%)
pH Density
(kg/m3)
Viscosity
at 50 °C (cP)
Palm shell 53 2.5 1,051 1.9
EFB 41 3.1 1,032 1.7
Mesocarp fiber 68 2.5 1,039 1.5
Table 5 Ultimate analysis and HHV results
Type of products Type of palm oil waste
Palm shell EFB Mesocarp fiber
Bio-oil (upper layer)
C (wt%) 15.10 14.97 15.29
H (wt%) 9.08 12.03 10.18
N (wt%) 0.15 0.72 0.54
Oa (wt%) 75.68 72.30 74.01
HHV (MJ/kg) 10.49 14.78 12.18
Bio-char
C (wt%) 79.40 64.93 67.70
H (wt%) 3.18 2.55 2.43
N (wt%) 0.82 1.12 0.65
Oa (wt%) 16.61 31.41 29.23
HHV (MJ/kg) 28.85 21.34 29.06
Bio-oil (bottom layer)
C (wt%) 61.15 66.75 58.93
H (wt%) 9.07 9.32 8.67
N (wt%) 1.09 1.71 0.69
Oa (wt%) 28.70 22.23 31.73
HHV (MJ/kg) 29.61 32.6 27.97
a By difference
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bending vibrations between 1,350 and 1,480 cm−1 that
indicate the presence of alkanes were observed for all of
the bio-oils. The presence of acid compounds was indi-
cated by the observation of absorptions due to C–O
stretching within the range of 1,210 to 1,320 cm−1.
The bands between 970 and 1,250 cm−1, which are
assigned to the C–O stretching of alcohols and phenols,
were detected in all of the oils. Finally, the presence of
aromatic compounds in the bio-oils was indicated by
absorption bands between 650 and 900 cm−1.
Bio-chars
Yield of Bio-chars
Palm shell and mesocarp fiber were identified as biomass
wastes that produced greater amounts of bio-char
(35.26 wt% and 29.80 wt%, respectively) compared with
the pyrolysis of EFB, which produced 29.05 wt% bio-char.
The weight loss or yield of bio-char may be attributed to
either a more extensive primary decomposition of the raw
material at higher temperatures or to secondary decomposi-
tion of the solid product; as a result of these processes, the
pyrolysis conversion was increased [37–39]. Additionally, a
great difference in the pyrolysis behavior among the three
main components of biomass (cellulose, hemicelluloses and
lignin) plays an important role in the bio-char yield [40].
Yang et al. [40] have reported that cellulose, hemicelluloses
and lignin exhibit the highest to the lowest decomposition
rates, respectively, in the pyrolysis process. When the
temperature is increased to more than 400 °C, almost all
of the cellulose will be pyrolyzed with a very small amount
of solid residue. According to the lignocellulosic contents of
palm oil wastes (Table 2), the EFB contains the greatest
amount of cellulose among the investigated biomasses.
Therefore, the low production yield of EFB bio-char can
be attributed to the high cellulose content of raw EFB.
However, mesocarp fiber contains a large amount of hemi-
celluloses compared to the other studied biomasses, espe-
cially palm shell. The higher hemicellulose content of
mesocarp fiber makes the yield of these bio-chars lower
than that of palm shell bio-char. Finally, palm shell, which
contains low levels of cellulose and hemicelluloses and a
high level of lignin, shows the highest yield of bio-char
because, among the three components, lignin is the most
difficult to decompose.
As evident from the results in Table 1, EFB shows the
highest volatile percentage compare with the other two
biomasses. Although, mesocarp fiber (Table 6) shows the
highest volatile value after pyrolysis, the high volatiles
(40 %) and ash contents of EFB (12 %) may be responsible
Fig. 4 FTIR spectra of a bio-
oils obtained from pyrolysis of
palm oil wastes and b bio-chars
obtained from pyrolysis of palm
oil wastes
Table 6 Proximate analysis of bio-chars
Type of bio-chars Moisture
(wt%)
Volatile
(wt%)
Fixed carbon
(wt%)
Ash
(wt%)
Palm shell 6.5 18 72.5 2
EFB 5.4 40.1 41.7 12.8
Mesocarp fiber 12.1 52 30.6 4.3
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for its high yield compared to that of mesocarp fiber. A
comparison of the proximate analysis of biomasses and their
chars (see Tables 1 and 6), shows that palm shell exhibited
the highest reduction of volatiles (from 73.5 % to 18 %)
during pyrolysis among the investigated biomasses,
which is in accordance with its lowest yield percentage
among the bio-chars. The high fixed carbon and very
low ash contents of palm shell indicate that this bio-
char is suitable for use in the production of adsorbents,
such as activated carbon.
From this study, mesocarp fiber was identified as the
waste that produced the highest amount of gas (26.33 wt
%) among the investigated biomasses. The high yield of gas
can be attributed to a high content of hemicellulose in the
mesocarp fiber. This finding is in accordance with that
reported in the literature [41].
Physicochemical Properties of Bio-chars
The infrared spectra of the carbonaceous materials are
shown in Fig. 4b. Although the spectra of biomass chars
are almost similar in shape and in intensity, different
oxygen-containing surface groups (C=O, C–O, –OH) and
other groups (olefins, –CH2, –CH3, aromatic rings) differ-
entiate them from the infrared spectra of the raw materials.
The intensity of the band attributed to carboxyl groups at
1718.83 cm−1 decreased, which is attributed to the degrada-
tion of cellulose components during the conversion of bio-
mass into char. Yang et al. suggested that the decrease in
intensity of the OH absorbance may be due to the
dehydration of biomass combined with the release of a
large amount of water [28]. A decrease in the intensity
of the band associated with alkene (C-H) groups in all
three biomasses can be explained by the breaking of the
weak bonds between C and H of the alkyl groups,
which results in an increase in the CH4 and C2 hydro-
carbon content in the gaseous products.
A comparison of the FTIR spectral data reveals that the
intensity of the C≡C (alkynes) absorbance (2,313–2,330 cm−1)
increased in carbonaceous chars, possibly because of dehydro-
genation. In addition, the intensities of the bands at 1586.33–
1571.62 cm−1 and 877.04–779.19 cm−1 for aromatic C=C and
adjacent H deformation were significantly higher for the chars
than for the raw materials, which indicated the cracking of
volatiles and the conversion of aliphatic compounds into aro-
matic compounds in the char. This conversion can be attributed
to the substantial decrease in the intensities of the OH and CH
alkyl peaks [28].
The char produced from palm shell, EFB and mesocarp
fiber have similar chemical groups; however, the spectrum
of the EFB char shows a higher concentration of OH groups
(greater intensity of the band at 1374.94 cm−1) and a lower
concentration of aromatic C=C (decreased intensity in the
bands at 877.04–779.19 cm−1) compared to the two other
bio-chars. These results are attributed to the higher level of
oxygen in EFB bio-char as a result of the higher level of
volatiles in EFB (Table 1). The FTIR spectral data indicate
that the char produced from mesocarp fiber exhibit a de-
creased IR absorbance at 2,313–2,330 cm−1 (C≡C) com-
pared to the spectra of the two other bio-chars.
Due to the various thermal cracking of organic functional
groups on the surface of the mentioned palm oil wastes and
evolution of volatiles, changes in the elemental composition
(C, H, O and N) of the bio-chars are expected. A CHN/O
analyzer was used to study the chemical composition (C, H,
O and N) of the bio-chars, and the results are listed in
Table 5. Carbon, as the main element in all of the produced
bio-chars (65–80 wt%), is present in significantly greater
amounts in the bio-chars than in the dried biomasses (see
Table 1). In accordance with the FTIR results (Figs. 2
and 4b), the O and H contents significantly decreased,
especially in palm shell, because of the dehydration and
decarbonylation/decarboxylation reactions. In the next
step of pyrolysis, the aromatization of the bio-char led
to the evolution of H2 and to the formation of light
molecular hydrocarbons (CH4 and C2); thus, the H
content in the bio-chars decreased [40].
In addition to their use as soil amendments or in
production of porous adsorbents, such as activated car-
bon, an alternative use for the produced bio-chars is as
a renewable solid fuel. The HHV values for bio-chars
from palm wastes (Table 5) were 28.85 MJ/ kg, 21.34
and 29.06 MJ/kg, respectively for palm shell, EFB, and
mesocarp fiber. These values are comparable to those of
some coals [42, 43]. The nitrogen levels in the bio-char
were between 0.5 and 1.5 %, which is important infor-
mation for predicting the NOx emissions from combus-
tion of the bio-chars.
Figure 5a, c, and e show the scanning electron microsco-
py (SEM) images of palm shell, EFB, and mesocarp fiber,
respectively. A comparison of the SEM micrographs of the
raw biomasses and bio-chars allows interesting conclusions
to be drawn about morphological changes after the devola-
tilization step. As evident from these figures, few pores were
present on the surface of the precursors. However, after
carbonization, the creation of some pores is evidenced in
Fig. 5b, d and f, which display images of the bio-chars of
palm shell, EFB, and mesocarp fiber, respectively. These
SEM micrographs show that residual palm oil wastes po-
rosity and morphology remain in the bio-chars, so it can be
said that the short heating time of the pyrolysis process has
not totally destroyed the original palm shell, EFB, and
mesocarp fiber cell morphological structure originally
present. Instead, chemical decomposition has occurred
with loss of water and organic fragments which reduces
the total mass.
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Conclusion
The results of analysis of the lignocellulosic contents of palm
oil wastes showed that palm shell has a high content of lignin
(44 %), that EFB has a high content of cellulose (51.2 %), and
that mesocarp fiber has a high content of hemicellulose
(30.5 %). The volatiles contents of all the palm oil wastes were
high, which is favorable to produce more bio-oil. The experi-
mental data showed that more than 40 wt% of palm oil wastes
can be converted into bio-oil through the pyrolysis process
under the following conditions: a temperature of 500 °C, a
nitrogen flow rate of 2 L/min and reaction time of 60 min. All
of the bio-oils contained high levels of oxygen (greater than
70 wt%). The compounds identified in all of the bio-oils by
FTIR analyses include phenols, alcohols, ketones, carboxylic
acids, aldehydes, alkanes, and aromatic compounds.
Palm shell and mesocarp fiber were identified as biomass
wastes that produced higher amounts of bio-char compared
to the pyrolysis of EFB waste. A significant difference
between the pyrolysis behaviors of the three main compo-
nents of biomass (cellulose, hemicelluloses and lignin) was
observed to play an important role in the bio-char yield.
Fig. 5 SEM photographs of a palm shell, b palm shell bio-char, c EFB, d EFB bio-char, e mesocarp fiber, and f mesocarp fiber bio-char
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Therefore, palm shell, which contains the greatest amount of
lignin, exhibited the highest yield of bio-char because,
among the three components, lignin is the most difficult to
decompose. The infrared spectra of the biomass chars were
similar in shape and in intensity, whereas different oxygen-
containing surface groups (C=O, C–O, –OH) and other
groups (olefins, –CH2, –CH3, aromatic rings) differentiated
the spectra of the chars from those of the raw materials. The
HHV values of bio-chars from palm wastes were 28.85MJ/kg,
21.34 MJ/kg and 29.06 MJ/kg, respectively, for palm shell,
EFB, and mesocarp fiber. These values are comparable to
those of some coals.
Based on this study, we recommend that pyrolysis is a
valid technique that can increase the value of palm oil
wastes by producing bio-oil and bio-char. The oil can be
used as a fuel in several applications to generate heat energy,
and the EFB is the best material for this purpose since it has
high calorific value. As a byproduct from pyrolysis, the
produced mesocarp fiber based bio-char has the highest
calorific value and it potentially can be used for any appli-
cation that uses coal. Besides, it also can be noted that the
utilization of palm oil waste as bioenergy is able to enhance
the energy security in Malaysia.
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Malaysiaa b s t r a c t
Oil palm tree residues are a rich biomass resource in Malaysia, and it is therefore very important that they
be utilized for more beneﬁcial purposes, particularly in the context of the development of biofuels. This
paper described the possibility of utilizing oil palm tree residues as biofuels by producing bio-oil and
bio-char via pyrolysis. The process was performed in a ﬁxed-bed reactor at a temperature of 500 C, a
nitrogen ﬂow rate of 2 L/min and a reaction time of 60 min. The physical and chemical properties of
the products, which are important for biofuel testing, were then characterized. The results showed that
the yields of the bio-oil and bio-char obtained from different residues varied within the ranges of
16.58–43.50 wt% and 28.63–36.75 wt%, respectively. The variations in the yields resulted from differ-
ences in the relative amounts of cellulose, hemicellulose, lignin, volatiles, ﬁxed carbon, and ash in the
samples. The energy density of the bio-char was found to be higher than that of the bio-oil. The highest
energy density of the bio-char was obtained from a palm leaf sample (23.32 MJ/kg), while that of the
bio-oil was obtained from a frond sample (15.41 MJ/kg).
 2013 Elsevier Ltd. All rights reserved.1. Introduction and type of oil palm residues are expected to rapidly increaseMalaysia is a tropical and humid country located in the central
part of Southeast Asia with a total landmass of 329,847 km2.
Approximately 24% of the nation’s landmass is used by the agricul-
tural sector, which means the land is categorized as arable, under
permanent crops, and under permanent pastures [1]. Most of the
land is planted with oil palm. The expansion of oil palm plantations
has occurred each year over the last three decades at a real growth
rate of 0.36% per year [2]. In 2010, it is estimated that approxi-
mately 48,537 km2 (4,853,766 ha), or 14.72% of the total landmass,
was used for oil palm plantations [2], with approximately 135–145
trees planted per hectare [3]. Each of the trees produces approxi-
mately 10% of palm oil, while the remaining 90% is biomass residue
[4]. The different types of residues are produced by the mill and
plantation activities. The palm kernel shells (PKS), mesocarp ﬁbers
(MF), and empty fruit bunches (EFB) are the main residues pro-
duced during the milling process, while the fronds and trunks
are the major residues obtained from the plantation during felling.
The fronds are also obtained during harvesting and pruning. The
sources and types of residues are shown in Table 1. The volumeand will become a serious problem in the future.
Currently, the residues of the oil palm are the main contributors
to biomass waste in Malaysia, and these wastes require extra
attention with respect to handling. A survey of the literature indi-
cates that most of them are handled with unsatisfactory practices
that negatively impact the environment. Most of the residues from
the plantations are incinerated or dumped as organic fertilizer to
decompose naturally, and only 40% of the trunks are used in ply-
wood manufacturing [3]. In palm oil mills, the PKS, EFB, and MF
residues are generally sent to the boiler to be burned as fuel for
steam generation [5]. Although burning the residues as fuel
reduces the diesel consumption, this approach is not an environ-
mentally friendly approach because it produces smoke and dust
emissions due to incomplete combustion.
The abundant amount of biomass residue from oil palm can
potentially be used as a renewable energy source through conver-
sion into other energy products such as biofuel. The use of biomass
in other forms of energy products is more beneﬁcial than the direct
burning of biomass because it releases many pollutants into the
air. One potential technique for alleviating these environmental
concerns is to convert oil palm residues into bio-oil and bio-char
via pyrolysis. According to the literature, pyrolysis has been recom-
mended as an environmentally friendly method because no wastes
are produced during the process. Pyrolysis is the thermal decom-
position of organic material at elevated temperatures in an inert
environment, and the products of this process include bio-oil,
bio-char, and syngas.
Table 1
Sources and types of oil palm residues.
Source of residue Type of
residue
Weight of the total
source (%)
Quantity per
hectare
(ton/ha)
Fresh fruit bunch (from
palm oil mill)
Palm
kernel
shell
5.5 1.10
Empty fruit
bunch
22 4.42
Mesocarp
ﬁber
13.5 2.71
Oil palm tree at felling
(from plantation)
Trunka 70 41.07
Frond 20.5 16
Leaf 6.53 7.69
Other 2.97 19.44
Oil palm tree at pruning
(from plantation)
Frondb 27.03 10.40
a Palm trunks felled once every 25–30 years.
b Consists of the leaf and measured in dry weight.
Fig. 1. The residues generated from oil palm trees.
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obtained in higher yields than the other products. The oil is formed
from vapor condensation [6], and for biomass pyrolysis, the vapors
are generally released at a temperature of 400–500 C [7,8]. The oil
obtained from the condensation process is dark brown in color and
free-ﬂowing and also has a strong acrid smell. Some advantages of
bio-oil include ease of storage and transportation and use in the
production of renewable energy and chemical feedstocks. Accord-
ing to Zheng, the energy density of bio-oil is four to ﬁve times high-
er than that of the original precursor, which offers important
logistical advantages [9]. For chemical applications, the oil can be
used to produce useful chemicals by taking advantage of its most
abundant functional groups, such as carbonyl, carboxyl, and phe-
nolic groups, through reaction or separation techniques [10,11].
In addition to liquid fuel, the stored solar energy of biomass can
be converted into solid and gaseous fuels with high caloriﬁc values
through pyrolysis and used for industrial combustion purposes
[12]. The produced bio-char can be used as a highly efﬁcient fuel
in boilers either alone or as a mixture with biomass. In our previ-
ous study, we have shown that the bio-chars produced from the
pyrolysis of palm oil wastes have high heating values of approxi-
mately 20–30 MJ/kg, which is comparable to those of some coals
[13]. This value-added product is beneﬁcial for soil amendment
and prevents water contamination and soil erosion. Due to the high
adsorption capacity of bio-char, it can adsorb moisture and nutri-
ents and slowly release them to soil [14,15]. Bio-char can be used
as a stable, renewable and inexpensive catalyst for biogas reform-
ing and the conversion of greenhouse gases (CO2 and CH4) to value-
added products [16–18]. Another application of bio-char is its use
as an adsorbent in water treatment to remove heavy metals such
as lead, cadmium, arsenic and chromium [19,20].
In the present work, the oil palm residues were characterized
and then pyrolyzed in a ﬁxed-bed reactor. The scope of this paper
is limited only to residues from plantation activities, while the res-
idues from mill activities were discussed previously [13]. All of the
experiments were conducted at the same pyrolysis conditions to
obtain the yields of bio-oil and bio-char. Furthermore, the chemical
and physical properties of the products were characterized using
several laboratory techniques.
2. Materials and methods
2.1. Raw materials
The oil palm wastes were obtained from Sime Darby Plantation
in Selangor Dahrul Ehsan, Malaysia. The waste was separated intofour samples categorized as trunk, frond, palm leaf, and palm leaf
rib. Fig. 1 shows the wastes generated from oil palm trees. The
samples were initially treated by washing and subsequent drying
in the sun for 1 day. The dried samples were ground and screened
to obtain particle sizes that ranged from 1.0 to 2.0 mm. Prior to use
in the experiments, the samples were dried again in an oven at
105 C for 24 h to remove the moisture.
2.2. Pyrolysis experiments
Approximately 200 g of the sample was placed in a stainless steel
reactor with a length of 127 cm and an internal diameter of 2.5 cm.
The ﬁxed-bed reactor was selected in this study because it is rela-
tively inexpensive, simple, and reliable [21]. An electric furnace
was used to heat the reactor, and the temperature was monitored
using a K-type thermocouple placed inside the reactor. A detailed
design of the pyrolysis apparatus is shown schematically in Fig. 2.
Nitrogen gas (N2) was used as an inert gas to purge air from inside
the reactor. Moreover, N2 was also employed to sweep the vapor
products from the reactor into the condensation traps. The purging
with N2 was performed throughout the entire procedure. The con-
densable products, speciﬁcally the bio-oils, were collected in a series
of condensers and stored at 0.5 C. They were subsequently weighed
to obtain the mass of bio-oil. The bio-char was collected from the in-
side of the reactor and weighed. The ﬁnal yields of bio-oil and bio-
char were calculated using the following equation:
YOP ¼ X1X2  100% ð1Þ
where YOP is the product yield, X1 is the mass of the desired product,
and X2 is the initial mass of the raw material. The gas yield was
determined by difference: gas yield = 100  (bio-oil yield + bio-char
yield).
In this study, the same parameters were employed for all of the
experiments. Pyrolysis parameters were selected according to the
literature studies [7,22] and the results from our previous study
[23]. The experiments were conducted using a pyrolysis tempera-
ture of 500 C, a particle size of 1–2 mm, a reaction time of 60 min,
and an N2 ﬂow rate of 2 L/min. The heating rate was 10 C/min. To
validate the experimental data, each experiment was repeated
with 3–5 replicates, and the average result was used as the ﬁnal
yield. The reactor, condenser, and piping systemwere sterilized be-
tween each set of experiments to avoid contamination of the
samples.
Fig. 2. Schematic diagram of experimental setup.
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Prior to characterization, all feedstock were dried in an oven at a
temperature of 105 C for 24 h. The pyrolysis products from the
experiments were collected in three different groups, bio-oil, bio-
char, and syngas. Bio-oil and bio-char were collected and weighted
directly after the production process and the amount of non-
condensable gases were calculated by mass balance in the system.
Before analysis, the bio-oil was separated into two fractions by a
centrifugation process based on a procedure developed by Bertero
et al. [24]. The process entailed centrifugation at 3200 rpm for
8 min, and the fractions after centrifugation are referred to as
upper-layer bio-oil and bottom-layer bio-oil. In addition, in order
to reduce the margin of error and to produce more reliable data,
the analysis of each product from all experiments was repeated
three times, and the results were averaged.2.3.1. Physical characterization
The viscosity of the bio-oil was determined using a rotational
viscometer equipped with an SC4-18 spindle (Brookﬁeld Viscome-
ter made in USA, model DV-II+Pro EXTRA). The measurement,
which required approximately 7 mL of the sample, was taken at
50 C. A 25 mL pycnometer was used to determine the density of
the bio-oil. The measurement was performed by carefully ﬁlling
the pycnometer with the oil and then measuring the mass. The
density was determined by dividing the mass of the bio-oil by
the empty volume of the pycnometer. The analysis was conducted
at 24 C. Scanning electron microscopy (SEM) experiments were
conducted to study the physical morphology of the surfaces. A
JSM-6390LV (JEOL, Japan) operating at a 3 kV accelerating voltage
was used to characterize the morphology of the precursor and
the bio-chars, which were dried overnight at approximately105 C under vacuum before SEM analysis. No conductive coating
was applied to prepare the samples for SEM.
2.3.2. Chemical characterization
AMetrohm 827 pHmeter (Switzerland) was used to analyze the
pH of the bio-oils, and the measurements were performed at room
temperature. The water content of the bio-oil was measured using
a Karl Fischer 737 KF coulometer from Metrohm. Approximately
80 mL of Hydranal-Coulomat AG was used as the anolyte reagent,
and 5 mL of Hydranal-Coulomat CG was used as the catholyte
reagent. Approximately 2–6 mg of the pyrolytic liquid was injected
through a titration cell into a ﬂask.
The proximate analysis of both the precursors and the products
were conducted according to ASTM D 7582-10 using thermal gravi-
metric analysis (TGA), and the results were expressed in terms of
moisture, volatile matter, ﬁxed-carbon and ash contents. The ulti-
mate analysis was performed using a Model 2400 Series II CHNO/S
analyzer (Perkin–Elmer, USA) to determine the C, H, and N contents.
A CHN combustion tube and reduction tube were used for this
measurement. As reported in the literature [23,25], oil palm wastes
have very low sulfur content (around 0.1 wt%), thus, the value of it
was not determined in this study. The oxygen content was
determined by difference as following: O = 100 (C + H + N). The
lignocellulosic contents of oil palm residues were determined using
a method developed by Omar et al. [26]. In this method, three differ-
ent analyses, namely acid detergent ﬁber (ADF), neutral detergent
ﬁber (NDF), and acid detergent lignin (ADL), were performed. The ﬁ-
nal ADF, NDF, and ADL values were then used to calculate the per-
centage of cellulose, hemicellulose and lignin using the following
equations [26]:
Celluloseð%Þ ¼ ADF ADL ð2Þ
Hemicelluloseð%Þ ¼ NDF ADF ð3Þ
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The data obtained from the ultimate analysis were also used to
calculate the high heating value (HHV). Eq. (5) was used to calcu-
late the HHV because the oxygen content in the precursors and the
products was found to be greater than 15% [27].
HHV ðMJ=kgÞ ¼ 0:336 Cþ 1:418 H ð0:153
 0:000720 OÞOþ 0:0941 S ð5Þ
To analyze the functional group compositions of the raw mate-
rials, bio-oils, and bio-chars, a FTIR spectrometer (Spectrum 400,
Perkin–Elmer, USA) was used to collect the infrared (IR) spectra
of the samples. The samples were scanned over the range from
400 to 4000 cm1 with a resolution of 4 cm1. For the FTIR analysis,
the raw materials and bio-chars were prepared using the following
method. The sample (0.1 g) was mixed with 1 g of spectroscopy
grade KBr in a porcelain mortar. The mixed sample was converted
into a solid disk, which was placed in an oven at 105 C for 4 h to
avoid any interference with any existing water vapor or carbon
dioxide molecules. A solid disk of pure KBr was used as a reference
sample for background measurements.3. Results and discussion
3.1. Characterization of the feedstock
The major components of the residues include cellulose, hemi-
cellulose, and lignin; therefore, the thermal effect of the decompo-
sition of these components plays an important role in the pyrolysis
process to produce bio-oil and bio-char. Table 2 shows the ligno-
cellulosic contents of the trunk, frond, palm leaf, and palm leaf
rib, which were analyzed using the ADF, NDF, and ADL approaches.
The three components decomposed at different rates and within
distinct temperature ranges during the pyrolysis. According to
Ishak et al. [28], hemicellulose decomposes ﬁrst, and the decompo-
sition of cellulose and then lignin follows. These phases were iden-
tiﬁed as the temperature increased during the pyrolysis. The
hemicellulose usually starts to decompose near 220 C, and the
process is mostly complete by the time the temperature reaches
315 C [29]. When hemicellulose had completely decomposed, cel-
lulose then undergoes decomposition, which normally starts at a
temperature of 315 C and is completed at 400 C. This tempera-Table 2
The lignocellulosic contents of oil palm tree residues.
Type of oil
palm
wastes
ADF NDF ADL Cellulose
(%)
Hemicellulose
(%)
Lignin
(%)
Trunk 70.33 94.27 35.89 34.44 23.94 35.89
Frond 72.03 95.21 21.7 50.33 23.18 21.7
Palm leaf 58.49 81.46 26 32.49 22.97 26
Palm leaf
rib
75.41 98.58 29.31 46.1 23.17 29.31
Table 3
Proximate and ultimate analyses of oil palm tree residues.
Type of palm oil wastes Proximate analysis (wt%)
Moisture Volatiles Fixed carbo
Trunk 7.16 82.60 4.97
Frond 13.84 82.70 3.22
Palm leaf 9.00 66.76 11.92
Palm leaf rib 8.01 75.94 11.79
a By difference.ture range can also be assigned to the second phase of the lignocel-
lulosic decomposition. In this study, the frond had the highest
cellulose content, while the trunk had the highest hemicellulose
content. Both the cellulose and hemicellulose contributed signiﬁ-
cantly to the bio-oil yield [30].
The thermal behavior of lignin was found to be considerably dif-
ferent than that of hemicellulose or cellulose. Naturally, lignin has
a more complex chemical composition; therefore, high-tempera-
ture conditions are necessary to decompose the lignin. The decom-
position of lignin occurred slowly, starting at ambient temperature
and proceeding up to a temperature of 900 C [29]. In agreement
with the literature, the lignin is responsible for the major portion
of the bio-char product [30,31]. According to the results listed in
Table 2, the trunk material had the highest lignin content in this
study.
The proximate and ultimate analysis results for the different
residues of oil palm waste are presented in Table 3. In this study,
the proximate analysis has been used to quantify the relative pro-
portions of moisture, volatiles, ﬁxed carbon and ash in all the res-
idues. The moisture content, which can be easily removed by
drying the residue at a temperature of 105 C overnight in an oven,
was observed to be the highest for the frond residue. The percent-
age of volatile matter was found to be high for the frond and trunk,
while the palm leaf and palm leaf rib were observed to have lower
amounts. In contrast to the results for the volatile matter, the trunk
and frond contained lower amounts of ﬁxed carbon, 4.97 wt% and
3.22 wt%, respectively, than the palm leaf (11.92 wt%) and palm
leaf rib (11.79 wt%). During pyrolysis, the presence of volatiles fa-
vors the production of a large amount of bio-oil. According to Omar
et al. [26], the high volatiles content results in high volatility and
reactivity, which are favorable for liquid fuel production. The tem-
perature and heating rate signiﬁcantly affected the volatile matter
yield [32]. In addition, ash also plays an important role in deter-
mining the proportions of the products of biomass pyrolysis. An in-
crease in the ash content contributes to a decrease in the bio-oil
yield, and as consequence, the bio-char and non-condensable gases
are produced in higher yields [33]. The effect of ash was clearly ob-
served for the palm leaf, which had higher product yields of bio-
char and non-condensable gases than that of bio-oil.
As listed in Table 3, the results from the ultimate analysis
showed that all the materials contain similar amounts of C, H, N,
and O. The C, H, N, and O contents of the oil palm residues varied
as follows: carbon 40.40–43.76 wt%, hydrogen 5.58–6.30 wt%,
nitrogen 0.38–1.94 wt%, and oxygen 49.57–52.09 wt%. The oxygen
content was found to be higher than the C, H, and N contents of the
oil palm residues, and the palm leaf has been conﬁrmed to have the
highest oxygen content of all the materials.
The infrared spectra of the raw materials are presented in Fig. 3.
Various bands in the spectra were identiﬁed, including (1) OAH
stretching vibrations at 3600–3100, 1333, and 1108 cm1 and
OAH bending at 1440–1400 cm1 from acid and methanol com-
pounds; (2) aromatic CHn vibrations at 2970–2860, 1402, and
900–700 cm1; (3) C@O stretching at 1730–1700 and 1560–
1510 cm1, CAO stretching at 1279–1060 cm1, aryl–alkyl etherUltimate analysis (wt%)
n Ash C H N Oa
5.27 42.72 5.61 0.44 51.24
0.24 42.76 5.99 0.39 50.88
12.32 40.40 5.58 1.94 52.09
4.26 43.76 6.30 0.38 49.57
Fig. 3. FTIR spectra of oil palm residues.
Table 4
Product distributions from the pyrolysis of oil palm tree residues at a temperature of
500 C, particle size of 1–2 mm, reaction time of 60 min, and N2 ﬂow rate of 2 L/min.
Type of oil palm wastes Pyrolysis products (wt%)
Bio-oil Bio-char Non-condensable gasesa
Trunk 40.87 33.60 25.53
Frond 43.50 30.24 26.26
Palm leaf 16.58 36.75 46.67
Palm leaf rib 29.02 28.63 42.35
a By difference.
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(1170 and 1082 cm1); (4) benzene stretching of the ring C@C at
4632 cm1 and aromatic C@C at 1613 and 1450 cm1; and (5)
other groups such as CAO stretching at 1060 cm1 and CAC
stretching at 700–400 cm1 [7,26,29]. The spectra of all the bio-
masses have similar shapes and intensities, although there are
some small differences in their spectra. Just as for palm oil wastes,
these biomasses also exhibit a signiﬁcant IR absorbance at
1060 cm1, which might result from the presence of ethanol in
their structures [13].Table 5
Properties of bio-oils produced via the pyrolysis of oil palm tree residues.
Type of bio-
oil
Properties
Water content
(wt%)
Viscosity at 50 C
(cP)
Density (kg/
m3)
pH
Trunk 52 1.99 1053 3.1
Frond 53 1.88 1045 2.1
Palm leaf 59 1.75 1040 3.8
Palm leaf rib 66 1.23 1034 4.63.2. Bio-oil
3.2.1. Bio-oil yield
The results for the pyrolysis products listed in Table 4 show that
the non-condensable gases are found in higher quantities than the
bio-oils in the palm leaf and palm leaf rib. The lower oil yield is due
to high ash content in the raw materials as shown in Table 3. The
same trend also can be observed in the work published by Fahmi
et al. [34]. They recognized that the presence of ash (alkali metals)
decreases the yield of organic liquids and tends to increase char
and gas yields. Moreover, the volatile matter also signiﬁcantly af-
fects the proportion of the bio-oil product. Asadullah et al. [35]
noted that the volatile matter is usually converted to bio-oil upon
condensation. Thus, it can be assumed that the smaller amount of
volatile matter found in the palm leaf and palm leaf rib is respon-
sible for the decrease in the amount of bio-oils. The smallest
amount of bio-oil obtained was approximately 16.58 wt% for thepalm leaf, which was composed of 66.76 wt% volatile matter and
12.32 wt% ash content.
The lignocellulosic nature of biomass is an important factor that
affects the bio-oil yield. As shown in Table 4, a high oil yield was
only observed for the trunk (40.87 wt%) and frond (43.50 wt%)
samples. The higher bio-oil yield might be due to the fact that both
samples have high cellulose and hemicellulose contents. Cellulose
and hemicellulose promote the production of bio-oil because they
are highly volatile. According to Qu et al. [36], cellulose is more
volatile than hemicellulose. Therefore, the material with the larg-
est amount of cellulose should have the most volatile matter, lead-
ing to an increase in the oil yield. In this study, the frond had the
most cellulose (50.33%). The frond material also produced the most
oil and had the largest amount of volatile matter (43.50 wt% and
82.70 wt%, respectively). The same tendencies were found by Mul-
len et al. for the fast pyrolysis of two corn residues, corn cobs, and
corn stover [15]. Their research concluded that the highest bio-oil
yield was observed for corn stover material, which has the highest
cellulose content. In addition, the amount of the bottom-layer oil
obtained from the centrifugation process was similar for all the
samples and was in the range of 3–8 wt% of the total oil.
The result from our previous study [13] showed that the yields
of bio-oils obtained were approximately 47.43 wt%, 45.75 wt%, and
43.87 wt% for palm shell, empty fruit bunches, and mesocarp ﬁber,
respectively. Therefore, it can be concluded that the yields of bio-
oils from the residues of palm oil mill activities is more attractive
than those of residues from plantation activities.
3.2.2. Characterization of the bio-oils
The bio-oil properties are summarized in Table 5. From Table 5,
it can be observed that the measured water contents were high,
ranging from 52 to 66 wt%, for all bio-oils. This result is consistent
with the results reported by Bertero et al. [24]. In their research,
sawdust pine, mesquite trees, and wheat shell were pyrolyzed at
a temperature of 550 C for 60 min, and the water contents were
determined to be within the range of 49.60–84.40 wt%. Wasterhof
et al. [37] have studied how to control the water content of bio-
mass fast-pyrolysis oil, and they have concluded that drying the
feedstock to obtain very low moisture levels (approaching zero)
leads to a decrease in the water content. On the other hand, Gar-
cia-Perez et al. [38] stated that the biomass particle size has a sig-
niﬁcant effect on the water content of bio-oil. Generally, a smaller
particle size increases the water content. While a high water con-
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purposes, water is an undesirable component of bio-oil because it
can be detrimental for the ignition performance.
The viscosities of the bio-oils were found to range from 1.23 to
1.99 cP at 50 C. In this study, the viscosity exhibited a negative
linear relationship with the water content. As shown in Table 5,
an increase in the water content reduces the oil viscosity. These
results are in agreement with the work of Nolte et al. [39], which
investigated the viscosity of biomass pyrolysis oils from various
feedstocks. Furthermore, the viscosity of oil can increase during
the storage time. According to Diebold and Czernik [40], the viscos-
ity of an oil increases because of the polymerization of the reactive
species, and as consequence, it might become unstable and sepa-
rate into two phases (a viscous bottom portion and a ﬂuid aqueous
upper portion) [41].
The presence of water in bio-oil also affects the density. Typi-
cally, a high water content leads to a decrease in the bio-oil density
[42]. This trend is clearly observed in this study where the oil pro-
duced from palm leaf rib has the highest water content and the
lowest density compared to the other bio-oil samples. Several
researchers have supported this ﬁnding with studies using various
biomass pyrolysis process conditions. Salehi et al. [43] found that
the density of bio-oil obtained from the pyrolysis of sawdust in a
ﬁxed-bed system is 1050 kg/m3 at a water content of 39%. Lu
et al. [44] studied the chemical and physical properties of bio-oil
produced via the fast pyrolysis of rice husk, and they measured
an oil density of 1140 kg/m3 at 28% water content. Zheng et al.
[45] obtained an oil density of 1160 kg/m3 at a water content of
24.2%. The oil was produced from the fast pyrolysis of cotton stalk
at a temperature of 510 C in a ﬂuidized bed reactor.
The pH values for all bio-oils obtained from the pyrolysis of oil
palm residues were in the range of 2.1–4.6. In general, the low pH
is due to the high concentration of acidic compounds in bio-oil.
According to Sınag˘ et al. [46], a high concentration of acidic com-Fig. 4a. FTIR spectra of bio-oils.pounds might result from the degradation of hemicellulose and lig-
nin during pyrolysis. The low pH makes the oil highly unstable and
corrosive. Therefore, careful material selection is needed in the de-
sign of storage and piping systems.
Fig. 4a shows the bio-oil spectra from the FTIR analysis. The re-
sults showed that all the bio-oils have similar types of chemical
bonds (functional groups). The strong absorption peaks observed
between 3200 and 3600 cm1 indicate that phenols and alcohols
are present. On the other hand, the peaks are also considered to re-
sult from the presence of water impurities [47]. This ﬁnding is con-
sistent with the results in Table 5, namely that the water content of
the bio-oils was found to be large in this study. The absorption
peaks in the range of 1650–1750 cm1, which are related to C@O
stretching, indicate the presence of ketones, carboxylic acids, and
aldehydes. However, only the oil produced from palm leaf rib does
not exhibit obvious peaks in this range. The ACAH bending vibra-
tions between 1350 cm1 and 1480 cm1, which indicate the pres-
ence of alkanes, were observed for all of the bio-oils. Moreover, the
acid compounds are represented by the CAO stretching peaks
observed between 1210 cm1 and 1320 cm1. From Fig. 4a, it can
be seen that the oils from the trunk, frond, and palm leaf exhibited
stronger peaks, indicating that they are more acidic than the oil
produced from the palm leaf rib. This ﬁnding is in good agreement
with the pH analysis results listed in Table 5. The CAO stretching
vibrations in the range of 970–1150 cm1 were assigned to alcohol
and phenolic groups. The peaks in the range of 600–700 cm1
showed that alkynes, which are represented by the CAH bending
vibration, were present.
Table 6 presents the ultimate analysis results for the upper-
layer bio-oils. The results showed that more than 70% of the oxy-
gen was detected in the upper layer of the bio-oils. The high level
of oxygen is generally found in bio-oils produced from the pyroly-
sis of biomass. Several authors have reported the oxygen content in
varying types of biomass to range from 35 to 60 wt% [11,48,49].
However, the oils produced in this work have a higher oxygen con-
tent than has been previously reported in the literature. In this
case, additional ultimate analyses were performed on the bot-
tom-layer products in order to further investigate the behavior of
the oxygen content. As shown in Table 6, the bottom-layer bio-
oil products have less oxygen than the upper-layer products. The
bottom-layer product of the palm leaf rib residue has the highest
oxygen content of 49.16 wt%. In contrast to the upper-layer prod-
ucts, a high carbon content was measured for all bottom-layerTable 6
Ultimate analysis and HHV results.
Type of product Type of oil palm residue
Trunk Frond Palm leaf Palm leaf rib
Bio-oil (upper layer)
C (wt%) 16.88 17.93 15.16 10.34
H (wt%) 11.64 11.69 11.70 9.60
N (wt%) 0.64 0.33 0.65 1.64
Oa (wt%) 70.85 70.07 72.48 78.42
HHV (MJ/kg) 14.94 15.41 14.38 9.52
Bio-oil (bottom layer)
C (wt%) 50.56 54.57 55.54 39.66
H (wt%) 9.82 9.03 7.69 7.13
N (wt%) 1.07 0.63 3.60 4.06
Oa (wt%) 38.56 35.77 33.17 49.16
HHV (MJ/kg) 24.31 25.03 23.90 14.83
Bio-char
C (wt%) 63.68 65.33 71.79 49.60
H (wt%) 2.28 2.56 2.41 2.14
N (wt%) 0.63 0.75 1.27 2.74
Oa (wt%) 33.43 31.37 24.54 45.53
HHV (MJ/kg) 18.79 20.12 23.32 11.64
a By difference.
Fig. 4b. FTIR spectra of bio-chars.
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by Chen et al. [50], where they found that the bottom-layer bio-oil
has high carbon and low oxygen contents, while the opposite was
observed for the upper layer. This ﬁnding is supported by Samanya
et al. [51], who noted that the upper layer contained lighter organic
fractions, while the bottom layer contained tar fractions originat-
ing from wood. Of the four elements studied in the ultimate anal-
ysis, nitrogen was detected in the smallest quantities in the upper
and bottom layers of the bio-oil.
The HHV of the bio-oil are listed in Table 6. The HHV of the
upper-layer products, which were calculated using Eq. (5), were
approximately 14.94 MJ/kg, 15.41 MJ/kg, 14.38 MJ/kg, and
9.52 MJ/kg for the trunk, frond, palm leaf, and palm leaf rib, respec-
tively. However, these values are much lower than those reported
by Czernik and Bridgwater [11], who measured HHV of approxi-
mately 16–19 MJ/kg. The high water and oxygen contents are
mainly responsible for the low bio-oil HHV. Moreover, the results
in Table 6 clearly showed that the HHV of the bottom-layer prod-
ucts were higher than those of the upper-layer products. The dif-
ferent carbon contents between the upper and bottom layers
might explain the difference in the HHV listed in Table 6. Neverthe-
less, the hydrogen content in the upper layer of the bio-oil was
similar to that of heavy fuel oil reported in the literature [11].
Hydrogen is the most important component with respect to
increasing the HHV because it has the highest heating value among
known fuels and is typically measured to be approximately
141 MJ/kg [52].
3.3. Bio-char
3.3.1. Bio-char yields
The product distributions from the biomass pyrolysis at 500C
are shown in Table 4. The palm leaf had the highest bio-char prod-
uct yield, followed by the trunk, frond and ﬁnally palm leaf rib. The
different behavior of the hemicellulose, cellulose and lignin com-
ponents at the pyrolysis temperature affects the product yields.
Hemicellulose starts to decompose over a low temperature range
of 220–315 C [29]; therefore, most of it decomposes at the pyroly-
sis conditions of this study. In addition, the hemicellulose content
of all the precursors is similar (Table 2). Thus, the hemicellulose
contents cannot be an important factor in the bio-char and non-
condensable product yields. Lignin, which is composed of aromatic
rings with various branches, decomposes over a wide range of low
to very high temperatures with a very low mass loss rate [29].
Therefore, the samples with higher lignin content might have rel-
atively higher bio-char yields [53], which is true in the case of
the trunk sample. Although lignin content is an important param-
eter, cellulose content can be considered to be the most signiﬁcant
factor in determining the bio-char yield. We observed this effect in
our last study where the biomass sample with the highest cellulose
content, the EFB sample, had a high bio-char yield [13]. Due to a
faster mass loss rate of cellulose (6.5 wt%/C) than of other compo-
nents, almost all of it would decompose at the pyrolysis tempera-
ture of this study. Therefore, the samples with high cellulose
content will lose a large portion of their mass during pyrolysis,
which might explain the lower bio-char yields of 30.24% and
28.63% for the frond and palm leaf rib samples, respectively,
although they had the highest cellulose contents (46.1% for the
frond and 50.33% for the palm leaf rib).
On the other hand, the palm leaf and trunk had very high car-
bon-based and volatile matter contents, respectively, in the precur-
sor and bio-char samples (Table 3 and Fig. 5). The very high
amount of ﬁxed carbon in the palm leaf samples (raw material
and bio-char) can explain the high bio-char yield. In the case of
the trunk-based bio-char, which was the second highest yield,
the low decomposition of the volatile content during the pyrolysisprocess in addition to a high lignin content can contribute to its
high yield.
The sweeping gas removes the products of secondary reactions,
such as thermal cracking, repolymerization, and recondensation,
from the hot zone [54]. The part of this pyrolysis vapor that is con-
densed in the cooling apparatus is called bio-oil, and the other part
is a non-condensable gas mixture that contains CO, CO2, H2, and
CH4. The gas product yields of the oil palm wastes are listed in Ta-
ble 4. The palm leaf and palm leaf rib had the highest product
yields of 46.7% and 42.3%, respectively. It was reported in the liter-
ature that a high gas yield can be attributed to a high hemicellulose
content in the precursor [13,55]. However, the hemicellulose con-
tent of the precursors are similar in this study. As shown by the
proximate analysis results for the produced bio-chars in Fig. 5,
the bio-chars with fewer volatile residuals have higher non-con-
densable gas product yields. Both the palm leaf and palm leaf rib
had the lowest volatiles content of 28.7% in the produced bio-chars
and the highest non-condensable gas product yields. Conversely,
the samples with high volatile matter content in their bio-char
(trunk) had the lowest non-condensable gas product yields. Thus,
it can be concluded that the samples with the highest decomposi-
tion of volatile matter have higher gas product yields.
3.3.2. Characterization of bio-chars
The FTIR spectra of the trunk, frond, palm leaf and leaf rib bio-
chars are shown in Fig. 4b. Compared to the infrared spectra of the
raw biomasses in Section 3.1, the spectra of these carbonaceous
materials show that different oxygen-containing surface groups
(C@O, CAO, AOH) and other groups (oleﬁns, ACH2, ACH3, aromatic
rings) are present. The OAH stretching vibrations at 3600–
3100 cm1 in the FTIR spectra of the produced bio-chars were
nearly absent after the carbonization process, probably due to
Fig. 5. Mass loss behavior of the produced bio-chars over time under nitrogen and
then oxygen heating.
Fig. 6. SEM photographs of (a) trunk, (b) trunk bio-char, (c) frond, (d) fr
1080 F. Abnisa et al. / Energy Conversion and Management 76 (2013) 1073–1082the dehydration of the biomass together with the release of a large
amount of water [7]. A decrease in the intensity of the alkene
(CAH) group vibrations in all three biomasses could be explained
by the breaking of the weak alkyl CAH bonds, which would in-
crease the CH4 and C2 hydrocarbon content in the gas products.
However, in the case of the trunk-based bio-chars, a small IR
absorption peak that is consistent with the proximate analysis data
in Table 3 showing that the trunk samples contain a high level of
volatiles after carbonization is observed. The next band in the spec-
tra of the raw materials occurring at 2860–2970 cm1, which can
be assigned to the CH alkyl functional groups, were also absent
in the spectra of the biomass chars. The CH aromatic bands at
877.04–779.19 cm1 were also weaker due to the deformation of
the adjacent H. In addition, the intensity of the carboxyl group
band at 1718.83 cm1 decreased in all the bio-char samples, possi-
bly due to the degradation of the cellulose components during
pyrolysis.ond bio-char, (e) leaf, (f) leaf bio-char, (g) rib, and (h) rib bio-char.
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peaks of the produced chars at 2313–2330 cm1 (C„C) and
1586–1571.62 cm1 (aromatic C@C) increased in intensity relative
to those of the raw biomasses after the carbonization process. The
cracking of volatiles (decrease in the OH and CH alkyl peaks) and
the conversion of the aliphatic compounds into aromatic com-
pounds in the char structure can explain these bands.
The proximate analysis of the produced bio-chars was per-
formed according to ASTMD7582-10, and the results are summa-
rized in Fig. 5. The moisture, volatiles, ﬁxed-carbon and ash
contents can be derived from the mass losses of the carboneous
samples over the process time shown in Fig. 5. It can be seen that
all the samples undergo three main mass losses. The ﬁrst occurs
during heating from room temperature to 110 C under a nitrogen
atmosphere, which leads to complete dehydration and thus allows
for the determination of the moisture content (up to 2300 s). Then
the temperature is increased rapidly to 950 C to determine the
amount of volatile matter by measuring the mass loss after dehy-
dration (between 2300 and 4700 s). Finally, the temperature was
decreased to 650 C, and the atmosphere was changed to oxygen
gas to measure the mass loss during the oxidation stage, which
corresponds to the carbon content (rapid decrease in the mass of
all the samples). Ash constituted the mass remaining at the end
of the analysis. Based on this ﬁgure, the trunk-based char has the
highest volatile content, followed by the frond, palm leaf and rib
samples. However, the last two had similar volatile matter con-
tents. Thus, it can be concluded that a higher carbonization tem-
perature is needed in the case of the trunk-based bio-char to
improve the devolatilization. The leaf char sample had the highest
ﬁxed-carbon content, which was similar to that of the frond-based
sample, while the rib and trunk samples had much lower ﬁxed-car-
bon contents. The ash content of all the samples is similarly low
except in the case of the rib sample, which contained a very high
amount of ash after carbonization.
The results of ultimate analysis of bio-char are listed in Table 6.
The HHV of the produced bio-chars are also given in this table. Car-
bon, as the main element in all of the produced bio-chars (49–
72 wt%), is present in signiﬁcantly greater amounts in the bio-
chars than in the dried biomasses, except for the palm leaf sample,
which had similar amounts of carbon and oxygen before and after
pyrolysis (see Table 3). In comparison to the raw biomasses, the O
and H contents decrease in all the bio-char samples due to dehy-
dration and decarbonylation/decarboxylation reactions, which is
consistent with the FTIR results (Fig. 4b). The largest decrease in
the O and H contents is observed for the palm leaf sample, which
was found to have the second highest devolatilization percentage
(approximately 57%) in the proximate analysis. Although the palm
leaf rib exhibited the highest devolatilization (approximately 62%)
during pyrolysis, possibly due to its high ash content in the pro-
duced bio-char, the amount of carbon and oxygen did not change
considerably. The hydrogen content decreases in all the samples,
probably due to the aromatization of the bio-char and evolution
of H2 as light molecular hydrocarbons (CH4 and C2) were formed
during the pyrolysis process [29].
The HHV of the bio-char samples calculated using Eq. (5) is
highly dependent on the hydrogen and carbon contents of the sam-
ples. As long as all the bio-char samples have similar hydrogen
contents (2–3%), the amount of carbon plays an important role in
the determination of HHV. Thus, similarly to the carbon content,
HHV also follows the order of palm leaf > frond > trunk > palm leaf
rib. With the exception of the palm leaf rib sample with a low HHV,
the other bio-char samples have HHV values comparable to those
of some coals and are therefore acceptable for use as a renewable
solid fuel [56,57]. The low level of nitrogen content in the bio-char
samples also indicates that these samples produce low levels of
NOx emissions during the combustion process.Fig. 6 presents the SEM pictures of the raw biomasses and their
bio-chars obtained after pyrolysis. It is clear in all the images that
the pyrolysis of the biomasses allows the evolved volatile com-
pounds to escape from the inside of the raw materials. Conse-
quently, more void space and higher porosity are detectable on
the surface of the bio-chars, which have higher surface areas than
the raw materials. The images of the bio-chars show the heteroge-
neity of their surfaces with mesopores that can be useful in many
liquid–solid adsorption processes [20]. As shown in Fig. 6, the pri-
mary surface structures changed during the carbonization and dev-
olatilization processes. Spherical structures on the surface of the
trunk (Fig. 6a) were transformed into open cells after carbonization
(Fig. 6b), while the amorphous structure of the frond (Fig. 6c) al-
lowed for the formation of open channels after devolatilization
(Fig. 6d). Partly open channels and larger pores in the palm leaf
and palm leaf rib bio-chars (Fig. 6f and h) are also observed after
pyrolysis of the amorphous raw biomasses (Fig. 6e and g).4. Conclusions
All of the residues that came from oil palm plantation activities
have been successfully pyrolyzed to produce bio-oil and bio-char
using a reaction temperature of 500 C, a nitrogen ﬂow rate of
2 L/min and a reaction time of 60 min. Different proportions of
the products have been clearly observed in this study and are
mainly caused by the different amounts of cellulose, hemicellulose,
lignin, volatile matter, ﬁxed carbon, and ash in the samples. The
HHV of the upper layer of the bio-oils was found to range from
9.52 to 15.41 MJ/kg, while the HHV of the bottom layer was higher
(approximately 14.83–25.03 MJ/kg). However, further efforts to
improve the quality of the bio-oil must be performed prior to its
use as an alternative fuel. The improvement can be performed
through the catalytic cracking or hydrodeoxygenation process. Fur-
thermore, most of the bio-char samples have HHV that are compa-
rable to those of some coals and are thus acceptable for use as a
renewable solid fuel. They also have low levels of NOx emissions
during the combustion process. In addition, the SEM images
showed that the pyrolysis of the biomasses allows the evolved vol-
atile compounds to escape from the inside of the rawmaterials and
consequently increases the porosity of the surface of the produced
bio-chars.Acknowledgements
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" The pyrolysis of palm shell mixed with polystyrene was performed.
" The maximum of pyrolytic liquid obtained was 68.3 wt% at an optimum process condition.
" The polynomial model ﬁts well to predict the response with high determination coefﬁcients of R2 (0.972) and Q2 (0.610).
" The HHV and composition of the pyrolytic liquid were very close to those of conventional fuel oil.a r t i c l e i n f o
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The mixtures of palm shell and polystyrene waste were pyrolyzed to obtain a high-grade of pyrolytic
liquid that potentially could be used as a fuel. Three effective parameters were chosen: temperature, feed
ratio, and reaction time. The ﬁrst phase of the study was a screening test to select the range point of each
parameter that resulted in high production of liquid. The selected points were then used as reference data
for an optimization study using response surface methodology. The maximum liquid yield of approxi-
mately 68.3% was obtained under optimum conditions, which were shown to be a temperature of
600 C, a palm shell/polystyrene ratio of 40:60, and a reaction time of 45 min. The characterization results
showed that the high heating value of the liquid obtained was 40.34 MJ/kg with a water content of
1.9 wt% and an oxygen content 4.24 wt%. The liquid mainly consisted of aliphatic and aromatic
hydrocarbons.
 2013 Elsevier Ltd. All rights reserved.1. Introduction mentally friendly option. This study investigates the possibility ofThe use of palm shell and polystyrene wastes for recovery of
liquid fuel by co-pyrolysis is the key to overcoming environmental
problems stemming from the high volume of palm shell waste gen-
erated by the oil palm industry. In 2007, a study reported that the
amount is about 4.7 million tons [1] and then sharply increased up
to 5.2 million tons in 2009 as reported by Mohammed et al. [2].
Most often it is left to decompose naturally, with only a fraction
of it used to cover road surfaces in the plantation area or burned
for steam generation [3,4].
Furthermore, a study estimated that well over 280,000 Tons of
waste polystyrene is produced annually in Malaysia, most of it
by food packagers [5]. The volume of polyethylene waste has
increased as the product gets wider use because of its light weight,
durability, and low cost [6]. Currently most of this waste is
dumped in landﬁll sites, which will pose environmental and social
problems as volumes accumulate [7]. Because polystyrene waste is
not biodegradable, dumping in the landﬁll site is not an environ-ll rights reserved.
+60 3 79675319.
Abnisa), ashri@um.edu.myproducing liquid fuel by co-pyrolysis of this waste material with
the palm shell waste that is also causing environmental concerns.
Pyrolysis is one method used to recover potential energy in bio-
mass and plastic wastes. This method is useful to break down the
waste materials into three products; char, liquid, and gas in an
inert environment. Pyrolysis is known to be an environmentally
friendly method because no wastes are produced during the
process.
The liquid is attractive because its properties show its potential
for use as chemical feedstock or fuel. A number of studies of liquid
fuel production have been reported at various scales and with
varying success [8–10].
The yield of liquid from co-pyrolysis depends on the relation-
ship of parameters set in the process. An optimization study was
needed to adjust the parameters to maximize the production of
liquid. One of the methods used to solve the optimization problem
is to apply response surface methodology (RSM). The method is a
statistical approach to analysis of the relationship between several
selected variables and one or more deﬁned responses [11]. RSM
can include designing experiments from the collection of statistical
techniques, building models, evaluating the effects of variables,
and searching for the optimum conditions of variables for desirable
312 F. Abnisa et al. / Fuel 108 (2013) 311–318responses [12]. The RSM has been widely used in optimization of
pyrolysis process variables for several purposes [3,13–16].
In general, plastic has been recognized by many researchers as a
good material to produce liquid fuel. Some studies showed that the
pyrolysis of plastic resulted in high oil yield, particularly with poly-
styrene [17–21]. The authors also reported that the quality of the
oil was acceptable for use as a fuel. It mainly consisted of aliphatic
and aromatic hydrocarbons. Aliphatic hydrocarbons include alk-
adienes, alkenes (parafﬁn, oleﬁns) and alkanes (methane, ethane,
heptane, octane, propane). Aromatic hydrocarbons include styrene,
toluene, benzene, cumene, ethylbenzene, monocyclic aromatics
(alkyl benzenes, alkyl toluene) and polycyclic aromatics (naphtha-
lene, methylnaphthalene and ethylnaphthalene). On the other
hand, the oil produced from biomass is found to contain high
amounts of oxygen (35–40 wt%) and water (15–50 wt%) [22],
which causes the liquid to have a low high heating value (HHV).
Typically, the HHV of oil from biomass has been approximately
17 MJ/kg. In comparison, the oil produced from plastics has shown
a HHV in the range of 37–40 MJ/kg [23].
In this work, co-pyrolysis of palm shell mixed with polystyrene
waste was carried out to evaluate the yield and quality of liquid
produced. The mass ratio between palm shell and polystyrene
waste, temperature, and reaction time were chosen as independent
variables. The process was optimized by using response surface
methodology with the aim of maximizing liquid yield. The liquid
obtained was tested for pH, density, viscosity, water content, ele-
mental analysis, and Fourier transform infrared (FTIR).2. Materials and experimental
2.1. Materials
The palm shell was collected from a local processing plant in
Kuala Lumpur. The polystyrene waste was obtained from a local
rubbish collection point. The palm shells were oven-dried at
105 C for 24 h; the polystyrene was dried under the sun for sev-
eral days. Then, both materials were ground to the desired size
of 1–2 mm.
2.2. Experimental
The experiment was carried out by charging 100 g of feed into a
stainless steel tubular reactor with an internal diameter of 5.0 cm
and a length of 127 cm. The reactor was heated by an external ver-
tical furnace. The temperature was monitored using a K-type ther-
mocouple located inside the reactor. To minimize secondary
reactions during the process, 2 L/min of nitrogen ﬂow was applied
for all experiments. The process ﬂow of experimental work was
presented in Fig. 1.
2.2.1. Screening point of parameters
The aims of the screening study were to obtain the reference
data that were used later for the optimization study and also to ob-
serve the effect of each parameter on production of the liquid dur-
ing co-pyrolysis. Three effective parameters were applied in this
study with each parameter being evaluated at ﬁve different points.
Each point was investigated to select the points that produced the
largest volume of pyrolytic liquid.
The study was divided into several parts. The ﬁrst part was to
study the inﬂuence of reaction time on co-pyrolysis yields by
applying the ﬁxed parameters of feed ratio (50:50) and tempera-
ture (400 C). The reaction times were varied from 15 to 75 min.
The second stage was to obtain the temperature effect. With the
feed ratio ﬁxed at 50:50 and reaction time constant at 30 min, the
temperatures were varied in 100 C increments from 300 to 700 C.The same procedure was followed to study the effect of feed ra-
tio. The ratios of palm shell waste to polystyrene chosen were
80:20, 70:30, 60:40, 50:50 and 40:60. The yields of pyrolytic liquid,
char, and non-condensable gas for all the experiments were calcu-
lated using the following equation:
Yield of product ¼ Desired product
Total feed
 100% ð1Þ2.2.2. Optimization study
The three points of each parameter that produced the highest
yield of pyrolytic liquid were chosen for the optimization study.
This study was designed to identify the variables that have the
largest inﬂuence on the process and then develop the variables
in the polynomial model. Therefore, RSM was used to determine
the optimum and experimental design matrix in this study speci-
ﬁed according to the central composite design (CCD) method.
The variables and the experimental domain in this design are spec-
iﬁed in Table 1. The CCD consists of axial points (2n), the number of
independent variables (2n) and replications of center points (nc).
Thus, the CCD in this study consists of 2n = 6, 2n = 8 and nc = 6,
resulting in 20 experiments. The CCD matrix for varying three vari-
ables was constructed in Table 2. All experiments were performed
randomly to reduce the effect of unexplainable variance in the ob-
served response caused by unrelated variables. After running the
experiments, the results were ﬁtted to a quadratic polynomial
model to predict the system response as given in the following
equation:
Y ¼ bO þ
Xn
i¼1
bi  Xi þ
Xn
i¼1
bii  X2i þ
Xn
i¼1
Xn
j>1
bij  XiXj ð2Þ
where Y is the predicted response; n is the number of experiments;
bo, bi, bii and bij are regression coefﬁcients for the constant, linear,
quadratic and interaction coefﬁcients, respectively; and Xi and Xj
are the coded independent factors.
In this study, Design Expert software Version 8.0.0 (Stat-Ease,
Inc., Minneapolis, USA) was used to design the experiments, do
the analysis of variance (ANOVA) which includes the development
of the quadratic model, and do the regression analysis and graph-
ical analysis (three-dimensional response surface).
2.2.3. Characterization of pyrolytic liquid
The liquid products were produced with the optimum parame-
ters conditions were characterized for viscosity, density, pH, water
content, elemental analysis, and FTIR.
Viscosity is an important property in chemical process design.
Viscosity data are essential for various heat transfer considerations,
calculating pressure drop, distillation calculations and mixing sys-
tem considerations. For fuels, viscosity data are used to evaluate
the effect on pumping and injecting. In this study, measurement
of viscosity was determined using a rotational viscometer
equipped with an SC4-18 spindle (Brookﬁeld Viscometer model
DV-II+Pro EXTRA). The measurement was taken at 50 C with
about 7 ml of sample required for the test.
One of the important physical characteristic of a material is
density. Density describes the quantity of mass material divided
by its volume. In this study, a 25 ml pycnometer was used to deter-
mine the density of the pyrolytic liquid. The measurement was
started by carefully ﬁlling the liquid into the pycnometer and then
measuring the mass. The density was determined by dividing the
mass of pyrolytic liquid by the empty volume of the pycnometer.
The analysis were conducted at 24 C. The density calculation can
be expressed by Eq. (3) where q is density,m is the mass of sample,
and V is the volume.
Fig. 1. Process ﬂow for the recovery of liquid fuel by co-pyrolysis of palm shell and polystyrene waste mixtures.
Table 1
Speciﬁcation of variables and the experimental domain.
Variables Experimental domain
(1)-level 0-level (+1)-level
A: Temperature (C) 400 500 600
B: Ratio of palm shell/polystyrene (%) 60:40 50:50 40:60
C: Reaction time (min) 15 30 45
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The testing of acidity or basicity in the pyrolytic liquid was indi-
cated through pH measurement. The pH measurement is necessaryTable 2
The CCD matrix of experimental and yield response.
Run Actual variables
Temperature (C) Ratio (palm shell: polystyrene) Reac
1a 500 50:50 30
2b 400 40:60 15
3b 600 60:40 45
4c 500 60:40 30
5a 500 50:50 30
6b 400 60:40 15
7b 600 40:60 45
8c 400 50:50 30
9c 500 50:50 45
10b 400 40:60 45
11a 500 50:50 30
12a 500 50:50 30
13a 500 50:50 30
14c 500 40:60 30
15a 500 50:50 30
16b 600 60:40 15
17b 400 60:40 45
18c 500 50:50 15
19c 600 50:50 30
20b 600 40:60 15
The different markings in run order mean (a) center point, (b) factorial design, and (c) ain many chemical processes such as for adjustment of the chemical
reaction and to avoid corrosion problems. In this study, the pH was
measured using a Metrohm pH meter series 827 at 25 C.
Water content is one of the unexpected presences in the pyro-
lytic liquid. The water content of the pyrolytic liquid was measured
using a Karl Fischer 737 KF Coulometer from Metrohm. About
80 ml of Hydranal-coulomat AG was used as anolyte reagent and
5 ml of Hydranal-coulomat CG was used as catholyte reagent.
Approximately 2–6 mg of pyrolytic liquid was injected trough a
titration cell into a ﬂask. When the titration is completed, the
instrument beeps 1 time and shows water content as either a per-
centage (%) or in ppm of water on the display panel.
Elemental analysis is a combustion analysis technique to deter-
mine the mass fractions of carbon, hydrogen, nitrogen, and hetero-Coded levels Response
tion time (min) A B C Liquid yield (wt%)
0 0 0 61.2
1 1 1 60.8
1 1 1 57.2
0 1 0 56.6
0 0 0 61.2
1 1 1 50.2
1 1 1 68.3
1 0 0 60.8
0 0 1 61.3
1 1 1 62.9
0 0 0 61.1
0 0 0 61.3
0 0 0 61.3
0 1 0 64.1
0 0 0 61.3
1 1 1 55.2
1 1 1 55.3
0 0 1 56.9
1 0 0 62.2
1 1 1 64.1
xial point.
Fig. 2. The product yields with respect to (a) different reaction time at constant
temperature of 400 C and 50:50 palm shell to polystyrene ratio, (b) different
temperature with 30 min reaction time and 50:50 palm shell to polystyrene ratio,
(c) different polystyrene percentage in feed at constant temperature of 400 C and
reaction time of 30 min.
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known compounds or to verify the structure and purity of a syn-
thesized compound. The elemental analysis were carried out
using a Model 2400 Perkin–Elmer Series II CHNS/O Analyzer to
determine C, H, N, and S. The oxygen content was determined by
a difference.
The data obtained from elemental analysis were also used for
calculating the HHV. HHV describes the quantity of energy that
is released as heat by complete combustion of a compound, assum-
ing the water contained in the sample and that generated from the
combined hydrogen remains in liquid form [24]. In this study, the
HHV of pyrolytic liquid was calculated from elemental analysis
using the equation given by Friedl et al. [25] that speciﬁcally de-
signed for biomass fuels.
HHV ðkJ=kgÞ ¼ 3:55C2  232C 2230Hþ 51:2CHþ 131N
þ 20;600 ð4Þ
A Perkin Elmer FTIR spectrometer (Spectrum 400) was used to
obtain an infrared spectrum of absorption in the pyrolytic liquid.
The samples were scanned in the range of 400–4000 cm1 with a
resolution of 4 cm1. FTIR analysis is a technique that is useful
for characterization of organic (including polymer) and inorganic
compounds. The result of FTIR provides information about the
types of chemical bonds (functional groups) and molecular
structure.
3. Results and discussion
3.1. Screening study on parameter process
3.1.1. Inﬂuence of reaction time on oil yield
Reaction times of 15, 30, 45, 60, and 75 min at temperature
400 C and a 50:50 ratio of palm shell waste to polystyrene were
studied in this experiment. The effect of using different reaction
times on the yield of the liquid from co-pyrolysis of palm shell
and polystyrene is represented in Fig. 2a. The maximum oil yield
of 61.6 wt% was obtained at a reaction time of 45 min. This liquid
yield is greater than that obtained from a previous study in which
the oil yield was 46.1 wt% at 500 C and a reaction time of 60 min
for the pyrolysis of palm shell alone [3]. The initial weight of liquid
was 56.1 wt%, obtained at a reaction time of 15 min. This percent-
age increased as reaction time was increased to 45 min. Further
increment of reaction time caused a decrease in the yield of liquid
product. Non-condensable gas output, however, increased slightly
with increasing reaction time. These variations in the liquid and
non-condensable gas yields can be explained due to the secondary
reactions of pyrolysis vapors generating lower-molecular-weight
non-condensable gaseous products as the reaction time increases
[26]. These results are in agreement with the work of Paradela
et al. [27], who studied the slow batch pyrolysis of mixtures of
plastics, tyres, and forestry biomass wastes.
3.1.2. Inﬂuence of temperature on oil yield
The temperatures of 300, 400, 500, 600 and 700 C were studied
with reaction time ﬁxed at 30 min and a 50:50 ratio of palm shell
waste to polystyrene. Fig. 2b shows the maximum oil yield at dif-
ferent temperatures.
This study suggests that no signiﬁcant decomposition occurred
at 300 C. The oil yield shows a signiﬁcant increase after the pyro-
lysis temperature reached 400 C and beyond. This may be ex-
plained trough thermal decomposition of the polystyrene. As
mentioned by Chauhan et al., the decomposition of polystyrene oc-
curred at temperatures of 350 C and above [28]. From this, we
concluded that the contribution of polystyrene in co-pyrolysis of
biomass can be achieved above 350 C.Unlike polystyrene, the thermal decomposition of palm shell
starts above 220 C. The material components start to decompose
at 220–320 C for hemicellulose, 320–370 C for cellulose, and
320–500 C for lignin [29]. As described in the literature, the
decomposition of hemicellulose and cellulose mostly contributed
to the formation of liquid [30], while the decomposition of lignin
is found to be the main contributor to the ﬁnal char weight [31].
In this study, the palm shell composes of 27.7% cellulose, 21.6%
hemicellulose, and 44% lignin.
Table 3
ANOVA for response surface quadratic model.
Source Sum of squares (SS) Degree of freedom (df) Mean square F-value p-Value Prob > F Remarks
Model 289.234 9 32.137 38.758 <0.0001 Signiﬁcant
A – Temperature 28.900 1 28.900 34.854 0.0002
B – Ratio 208.849 1 208.849 251.874 <0.0001
C – Reaction time 31.684 1 31.684 38.211 0.0001
AB 0.405 1 0.405 0.488 0.5006
AC 0.125 1 0.125 0.151 0.7060
BC 0.080 1 0.080 0.096 0.7625
A2 0.818 1 0.818 0.987 0.3440
B2 1.005 1 1.005 1.212 0.2967
C2 9.458 1 9.458 11.407 0.0070
Residual 8.292 10 0.829
Lack of ﬁt 8.258 5 1.652 247.755 <0.0001 Signiﬁcant
Pure error 0.033 5 0.007
Cor total 297.526 19
R2 = 0.972; Adjusted R2 = 0.947; Q2 = 0.610; Adeq precision = 25.004; PRESS = 116.01.
Fig. 3. Three-dimensional response surfaces plot of pyrolytic liquid yield with the combined effect of feed ratio and temperature (at constant reaction time of 30 min).
Fig. 4. Three-dimensional response surfaces plot of pyrolytic liquid yield with the
combined effect of reaction time and temperature (at constant ratio of 50:50).
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The ratio of palm shell to polystyrene waste in the feed were
varied at 80:20, 70:30, 60:40, 50:50 and 40:60 with both temper-
ature and reaction time kept constant at 400 C and 30 min,
respectively. Fig. 2c shows that a higher percentage of polystyrene
in the feed resulted in a higher oil yield. The oil yield increases with
the decrease of the gaseous product. The maximum oil yield ob-
tained was 64.2 wt% at the 40:60 palm shell to polystyrene waste
ratio. The presence of polystyrene could provide more hydrocar-
bons during co-pyrolysis with palm shell and can lead to an in-
crease of liquid production.
3.2. Optimization study on parameter process
3.2.1. Development and evaluation of model
The results from the screening study showed that the high li-
quid yields were obtained in the temperature range of 400–
600 C, reaction time of 15–45 min and palm shell/polystyrene ra-
tio of 40:60–60:40. All of the result data were input to the Design
Expert software to generate the 20-experiment design matrix for
the optimization study. The results from 20 experiments showed
that the liquid yield varied from 50.2 wt% to 68.3 wt%. Then, all re-
sults were used to develop a coded factor model of the pyrolytic li-
quid yield. The coded factor model developed to ﬁt a polynomial
model is represented in Eq. (5), where Y is yield of pyrolytic liquid,
A is temperature, B is ratio, and C is reaction time.Y ¼ 61:12þ 1:70ðAÞ þ 4:57ðBÞ þ 1:78ðCÞ þ 0:22ðAÞðBÞ
0:12ðAÞðCÞ  0:100ðBÞðCÞ þ 0:55ðA2Þ
0:60ðB2Þ  1:85ðC2Þ
ð5Þ
Table 4
Physical and chemical properties of pyrolytic liquid.
Value Unit
Properties
Viscosity at 50 C 8.28 cP
pH 2.8
Density at 24 C 1058 kg/m3
Elemental composition (wet basis)
C 81.34 wt%
H 7.79 wt%
N 0.38 wt%
O (by differences) 10.50 wt%
High heating value (HHV) 40.34 MJ/kg
Water content 1.9 %
316 F. Abnisa et al. / Fuel 108 (2013) 311–318The results of ANOVA were summarized in Table 3. The analysis
showed that the p-value (less than 0.05) as a statistic test indicated
that the model terms are signiﬁcant. In this case, A, B, C, and C2 are
signiﬁcant model terms. The parameter having the most signiﬁcant
effect on pyrolytic liquid yield is the ratio (B) since the p-value of B
is the smallest in value compared to other conditions. The results
obtained in the screening study support this ﬁnding. Yield in-
creased from 43.8 wt% at the palm shell to polystyrene waste ratio
of 80:20 to 64.2 wt% at the 40:60 ratio. The same trends also oc-
curred at ﬂash co-pyrolysis of the mixtures of willow-Salix and
polyhydroxybutyrate (PHB) that were studied by Cornelissen et
al. [32]. Their study reported that the signiﬁcant enhancement of
liquid product was observed when PHB was at a higher ratio than
willow. Furthermore, the model developed also shows a high
determination coefﬁcient of R2 (0.972), indicating a close ﬁt of
the model to the actual data. R2 can be calculated using Eq. (6).
The actual value represents the response data from the experi-
ment; the predicted value represents the value obtained from the
model.
R2 ¼ 1 SSresid=ðSSmodel  SSresidÞ ð6Þ
Another analysis to evaluate the ﬁt of a model is Q2. The Q2 de-
scribes how well the response can be predicted in the model. The
Q2 can be calculated using PRESS (the prediction residual sum of
squares) following Eq. (7). In this study, Q2 was 0.610. Generally,
a Q2 > 0.5 is regarded as good and a Q2 > 0.9 as excellent [33].
Q2 ¼ 1 ðPRESS=ðSSmodel þ SSresidÞÞ ð7Þ3.2.2. Three-dimensional response surfaces and interpretation of
optimization plot
Based on the ANOVA, the effect of the three parameters studied
(ratio, reaction time, and temperature) were found to be signiﬁcant
on the liquid fuel yield, and a three-dimensional response surface
was developed. Three-dimensional response surfaces plotted for
the yield of pyrolytic liquid from variation of the palm oil and poly-
styrene ratio and temperature are shown in Fig. 3. The ﬁgure shows
that both an increase in the ratio of polystyrene and increasing
temperature improved the yield of liquid. The highest yield was
obtained when variables of ratio and temperature reached the
maximum point, which was a reaction time set constant at 30 min.
Fig. 4 shows the three-dimensional response surface plot for the
yield of pyrolytic liquid from variation of reaction time and tem-
perature. The maximum yield of 63 wt% was obtained at the opti-Fig. 5. Three-dimensional response surfaces plot of pyrolytic liquid yield with the commal condition of a 30 min reaction time and the temperature at
600 C with a feed ratio of 50:50.
The three-dimensional response surface plot for the yield of
pyrolytic liquid from variation of the palm shell waste to polysty-
rene ratio and reaction time is shown in Fig. 5. In Fig. 5, the opti-
mum conditions of a palm shell waste and polystyrene ratio of
40:60 and reaction time of 30 min were obtained for maximum li-
quid yield of 65 wt%. The temperature was kept constant at 500 C.
One of advantages of optimization plots is their help in getting a
predicted response with a higher desirability score [34]. In this
study, the quadratic model presented in Eq. (5) was used to opti-
mize the yield of pyrolytic liquid. The model predicted that for a
temperature of 600 C, a ratio at 40:60 (palm shell:polystyrene),
and 45 min of reaction time, pyrolytic liquid production would
be at a maximum of about 67.3 wt%. To validate the model predic-
tion, one additional experiment with three repetitions were
needed using the variables the model predicted. The ﬁnal result
showed that the liquid was at a maximum of about 68.3 wt% with
a deviation error of 1.48%. The correlation of results from the
experiments with the model prediction proved that the model is
suitable for predicting the optimization of pyrolytic liquid with
variables of temperature, ratio, and reaction time.3.3. Characterization of pyrolytic liquid
The pyrolytic liquid was obtained under optimum conditions
(temperature of 600 C, ratio of palm shell/polystyrene of 40:60,
and reaction time of 45 min) was used for characterization of phys-
ical and chemical properties. The summary of this characterizationbined effect of reaction time and feed ratio (at constant temperature of 500 C).
Fig. 6. FTIR spectrum of pyrolytic liquid obtained at conditions temperature of 600 C, ratio of palm shell/polystyrene of 40:60, and reaction time of 45 min.
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The liquid from co-pyrolysis of palm shell and polystyrene mix-
tures showed higher viscosity compared to pyrolysis of palm shell
alone as described in a previous study [3]. The decomposition of
inorganic material in polystyrene may have contributed to the
higher viscosity.
The densities of polystyrene and palm shell were shown to be
about 1110 kg/m3 [35] and 1051 kg/m3 [3], respectively. After co-
pyrolysis, the liquid from the mixture of wastes was about
1058 kg/m3 at 24 C. It was noted that the conversion of palm shell
and polystyrene mixtures into pyrolytic liquid reduced the density
of the wastes. It means that the area needed for liquid storage is
smaller than the area needed for a landﬁll site of waste.
The pH value of liquid from this study was 2.8. The result is in
good agreement with the results in the literature [36]. The pH va-
lue in the range of 2–4 indicated the presence of organic acid such
as acetic acid and formic acid. The acidity of pyrolytic liquid thus
can lead to corrosion problems in both vessels and piping systems.
The average water content shown by the Karl Fischer method
was about 1.9%. Compared to a previous study, the mixture of palm
shell and polystyrene feed resulted in a signiﬁcant decrease in
water content, which results in an increased HHV in the pyrolytic
liquid. This reduction in water content was consistent with the re-
sults reported by Rotliwala and Parikh [37]. In that study, the co-
pyrolysis of deoiled cake of jatropha and waste commercial poly-
oleﬁns resulted in very low water content in the pyrolytic liquid.
As can be seen in Table 4, the results from an elemental analysis
of the pyrolytic liquid show a high percentage of carbon
(86.57 wt%). The oxygen in the liquid was found to be about
4.24 wt%. The low value of oxygen contributed to the high HHV
of about 40.34 MJ/kg determined using Eq. (4). In addition, the
HHV of the pyrolytic liquid from this study is very close to that
of conventional fuel oil (about 42–44 MJ/kg) that were reported
in the literature [38].
Fig. 6 shows the spectrum result of pyrolytic liquid from the
FTIR analysis. The result showed that the liquid produced from
the mixture of palm shell and polystyrene was dominated by ali-
phatic hydrocarbons. Aliphatic hydrocarbon such as alkenes and
alkanes were detected at absorption peaks in the range of 3100–
3010 cm1 and 3000–2850 cm1, respectively. The strong peaks
in the range of 900–690 cm1 showed the presence of aromatichydrocarbons or arenes that are represented by CAH bending
vibration. The presence of oxygen in the liquid was represented
by the C@O stretching vibration between 1670 and 1820 cm1
which indicated a carbonyl group. Then, the OAH stretching vibra-
tion that was observed at peaks in the range of 3600–3200 cm1
and the CAO stretching vibration in the range of 1300–
1000 cm1 were identiﬁed as alcohols and esters. The aromatic
compounds are represented by the C@C stretching was observed
at peaks in the range of 1600–1400 cm1. The low intensity
absorption peak at 508 cm1 was caused by commercial antimony
oxide, which is used as a ﬂame retardant additive for polystyrene.
4. Conclusions
The results were showed that the high liquid yields was ob-
tained in the range temperature of 400–600 C, reaction times of
15–45 min and palm shell/polystyrene ratios of 40:60–60:40. The
optimization study using response surface methods indicates that
the ratio of feed was the most signiﬁcant variable on liquid yield.
The polynomial model obtained ﬁts well to predict the response
with a high determination coefﬁcient of R2 (0.972) and Q2
(0.610). The characteristic results showed that the HHV and the
composition of the pyrolytic liquid were very close to those of con-
ventional fuel.
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This research attempted to demonstrate a simple method to
produce high-grade pyrolysis oil by maximizing the use of bio-
mass wastes. In this study, the results of pyrolysis of palm shell
alone are compared with pyrolysis of palm shell=polystyrene
mixtures (1:1 weight ratios). Pyrolysis was carried out in a
fixed-bed reactor under the following conditions: a temperature
of 500C, a nitrogen flow rate of 2 L=min, and reaction time
of 60 min. The results showed that the final oil yield of palm
shell pyrolysis was about 46.13 wt %. By mixing the palm shell
with polystyrene, the yield of oil increased to about 61.63%. In
these experiments, the high heating value was low (11.94
MJ=kg) for oil from pyrolysis of palm shell. By contrast, the
high heating value was a high 38.01 MJ=kg for oil from pyroly-
sis of material mixtures. In addition, by using this method,
more waste matter can be consumed as raw material for pyrol-
ysis oil production, which also benefits waste management and
energy security in Malaysia. VC 2013 American Institute of Chemical
Engineers Environ Prog, 33: 1026–1033, 2014
Keywords: pyrolysis, palm shell, polystyrene, pyrolysis oil
INTRODUCTION
The decrease in nonrenewable energy resources such as
coal, petroleum, and natural gas has encouraged research to
develop new approaches to find or create renewable fuel from
biomass. The biomass can be converted into a liquid product
that can potentially be used for fuel through pyrolysis, gasifica-
tion, and combustion. Among them, pyrolysis was selected as
the most appropriate technology because it is able to convert 75
wt % of the total biomass into liquid form [1]. Unlike fossil fuels,
use of this liquid has received positive comments as being a
more environment-friendly fuel because it contributes minimally
to the emission of greenhouse gases [2]. However, the liquid or
pyrolysis oil contains high levels of oxygen, which causes low
caloric value, corrosion problems, and instability [3].
Many studies have been undertaken to obtain a high-grade
of pyrolysis oil that has low oxygen content and high caloric
value. Catalytic cracking and hydrodeoxygenation (HDO) are
the methods commonly used, which can cost more than the
oil itself. Catalytic cracking is a method that involves the addi-
tion of a catalyst to the pyrolysis process. This method can be
divided into two options: off-line catalytic cracking (using bio-
oil as raw material) and online catalytic cracking (using pyroly-
sis vapors as raw material) [4]. Zhang et al. [5] have determined
that catalytic cracking is a cheaper method than hydrodeoxyge-
nation, but the results do not seem promising because of high
coke production during the process (8–25 wt %) and the poor
quality of the fuels obtained. Furthermore, HDO is an upgrad-
ing method suitable for converting low-grade pyrolysis oil into
hydrocarbons [6]. This process has received a lot of attention
because of the significant increase in hydrocarbon fuel
obtained [7]. However, the method is complex and costly
because of the complicated equipment, need to add catalysts,
and the high-pressure requirement for reaction. Thus, a new
approach is necessary to overcome this cost.
Simplicity and effectiveness are especially important in
developing a method. The idea of biomass pyrolysis mixed
with plastic waste is an optional method that shows promise
of meeting these two criteria. In the pyrolysis process, the
yield of oil obtained from incorporating plastic waste was
higher than that obtained with biomass alone and it also had
a higher caloric value, which comes from hydrocarbon poly-
mers consisting of paraffins, isoparaffins, olefins, naphthenes
and aromatics, and a noncondensable gas with a high calorie
value [8]. Therefore, the presence of plastic waste in biomass
pyrolysis can make a positive contribution to the heating
value and yield of oil through synergy.
The main benefit of using this method is the volume of
waste can be reduced significantly because more waste is
consumed as feedstock. It also has the added benefits of
reducing the landfill needed, decreasing the cost for waste
treatment, and solving some environmental problems. Since
disposing of the waste in landfill is becoming undesirable [9],
this method could be proposed as an alternative waste man-
agement procedure for the future that will have a significant
impact on waste reduction and enhance energy security.
Malaysia is a humid tropical country located in the central
part of Southeast Asia with a total landmass of 329,847 km2
[10]. In 2007, about 20.32% of the landmass was being used
for agriculture including oil palm, rubber, cocoa, paddy,
coconut, pepper, flowers, coffee, sugarcane, tea, vegetables,
tobacco, and fruits [11,12]. During that year, about 93,598
ktons of biomass waste were produced, mostly from oil
palm. Currently, the utilization of biomass waste generated
from oil palm is not efficient. It is incinerated or dumped as
organic fertilizer through natural decomposition [13] or used
to cover road surfaces in the plantation area [14], and only a
fraction of it is burned for steam generation [15]. UnsatisfactoryVC 2013 American Institute of Chemical Engineers
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practices also occur in the management of municipal solid
waste (MSW). Currently, landfilling is the only method used to
dispose of MSW in Malaysia [10]. This method results in
leached contamination to the surface and groundwater, pest
infestation, and the emission of landfill gases such as methane
(40–50%) and carbon dioxide (50%) [16]. In 2001, the quantity
of MSW was about 16,200 tons=day, which increased sharply
up to 19,100 tons=day in 2005 and is projected to be 30,000
tons=day in 2020 [17]. One study reported that about 24% of
total MSW is plastic waste [10]. Improved management is neces-
sary if the volume of waste in landfill sites is to be reduced.
This need makes biomass pyrolysis mixed with plastic an
attractive alternative way to solve the problems faced.
In this work, pyrolysis of biomass and biomass mixed with
plastic was carried out to produce pyrolysis oil. Palm shell was
selected as representative of biomass and polystyrene was
selected as representative of plastic waste. The collected results
were compared to determine whether there was improvement
in the quantity and quality of the oil product produced.
MATERIALS AND EXPERIMENTAL PROCEDURE
Materials
Palm shell was selected for this work because it is one of
the most plentiful biomass wastes available in Malaysia (5.2
million tons=year) [18]. Polystyrene was selected as the plastic
material because pyrolysis of polystyrene results in high oil
yield with a quality close to that of petroleum-based oil [19,20].
Each year over 280,000 tons of this waste are generated in
Malaysia [21]. Palm shell was collected from a local processing
plant in Kuala Lumpur; polystyrene waste was obtained from a
local rubbish collection point. The palm shell was oven-dried
at 105C for 24 h; the polystyrene was dried under the sun for
several days. Then, both materials were ground and sieved to
obtain the desired particle size of 1–2 mm.
Experimental Setup and Procedures
All pyrolysis experiments were conducted using a fixed-
bed reactor made from stainless steel with an internal diame-
ter of 5.0 cm and a length of 127 cm. The reactor was heated
by an external vertical furnace. A series of condensers that
maintained furnace temperature at the desired level 6 0.5C
was installed to obtain the oil through gas condensation. The
experimental setup is shown in Figure 1.
The study was divided into two parts. The first part was
pyrolysis of palm shell alone. About 150 g of palm shell was
loaded into the reactor and pyrolyzed at 500C with a heat-
ing rate of 10C=min. The reaction time of pyrolysis was
maintained at 60 min. To minimize secondary reactions of
vapors that cause decreases in oil yield [22], a 2 L=min nitro-
gen flow was applied. The second part was pyrolysis of
palm shell mixed with polystyrene. The ratio of sample
materials was set at 1:1. The processing parameters (tempera-
ture, nitrogen flow, and reaction time) were the same as in
the previous experiment. Each experiment was repeated
three times and the results were averaged. The oil yield of
the resulting product was then calculated using Eq. 1. The
equation can also be used to estimate the char produced as
a byproduct resulting from the pyrolysis process.
Yield of product5
Desired product
Total feed
3 100 % (1)
Characterizations
Characterization of Raw Materials
Proximate analysis included moisture, fixed carbon, vola-
tile matter, and ash in palm shell and polystyrene. In this
study, the procedure for obtaining a proximate analysis was
carried out according to ASTM standards described in the lit-
erature [23]. The ultimate analysis of palm shell and polysty-
rene followed ASTM D-5291 using a Model 2400 Perkin-
Elmer Series II CHNS=O Analyzer. The amount of carbon,
hydrogen, and nitrogen was determined using this method;
the oxygen content was calculated by difference.
Characterization of Pyrolysis Oil
The pyrolysis oils were analyzed for viscosity, density,
pH, water content, elemental analysis, FTIR, and GCMS. Vis-
cosity was measured using a rotational viscometer equipped
with an SC4-18 spindle (Brookfield Viscometer model DVII1
Pro EXTRA). A 25-mL pycnometer was used to determine the
density of the pyrolysis oil. The pH was measured using a
Methrom pH meter series 827 at 25C. Then, the water con-
tent of the pyrolysis oil was measured using a Karl Fischer
737 KF Coulometer from Metrohm. The elemental analysis
was carried out using a Model 2400 Perkin-Elmer Series II
CHNO=S Analyzer to determine C, H, and N. The oxygen
content was determined by a difference. The obtained data
from the elemental analysis were also used to calculate the
high heating value (HHV). Equation 2 was used to calculate
the HHV of the pyrolysis oil produced from palm shell
because the oxygen content in the oil was found to be
greater than 15% [24]. The HHV of the pyrolysis oil derived
from mixtures of palm shell and polystyrene was obtained
by using Eq. 3.
HHVðMJ=kgÞ50:336 C1 1:418 H
2 ð0:1532 0:000720 OÞO1 0:0941 S (2)
HHVðMJ=kgÞ5 338:2C11442:8 H-
O
8
 
1000
(3)
A Perkin Elmer FTIR spectrometer (Spectrum 400) was
used to obtain an infrared absorption spectrum of the pyrol-
ysis oil. The chemical compositions were determined by gas
chromatography=mass spectroscopy (GCMS). The analysis
was performed with an Agilent Technologies 7890A gas
Figure 1. Schematic diagram of experimental setup for
pyrolysis oil production.
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chromatograph equipped with an Agilent 5975C mass-
selective detector (mass spectrometer). High-purity helium
was used as the carrier gas at a constant flow rate of 1.0
mL=min. The Agilent HP-5 50 m column with an inner diam-
eter of 0.32 mm and a film thickness of 0.25 mm was used in
the GCMS. The analysis was started by heating the column at
50C and kept isothermal for 1 min, then ramped to 270C at
a rate of 7C=min. This condition was held for 10 min. The
volume of sample injected was about 1 mL.
RESULTS AND DISCUSSION
Characteristics of the Raw Materials
The proximate and ultimate analyses of the palm shell
and polystyrene are given in Table 1. The result of the proxi-
mate analysis showed that the level of volatile compounds
was high in both materials (73.5 wt % for palm shell and
99.63 wt % for polystyrene). Unlike palm shell, moisture and
fixed carbon were very low in polystyrene. In addition, palm
shell contained a small amount of ash while no ash was
detected in the polystyrene. For the ultimate analysis, the
oxygen content of the palm shell was determined to be
44.86 wt %, significantly higher than that of the polystyrene
(0.52 wt %). The higher oxygen content indicated that the
palm shell had a lower caloric value.
The TGA thermographs of palm shell and polystyrene at a
heating rate 20C=min are shown in Figure 2a. In this study, the
TGA analysis helped to define the temperature at which degra-
dation starts for each sample. The result showed that a tempera-
ture in the range of 350–430C was effective for pyrolysis of
polystyrene. Approximately 99% of the total weight was lost in
this range. For the palm shell, a weight loss of more than 60%
was observed when temperatures reached 500C. In this case,
the initial decomposition represents the degradation of hemicel-
lulose and cellulose occurring at temperatures of 200–260C and
240–350C, respectively. Lignin was reported to be the most dif-
ficult component to decompose. Lignin decomposed slowly
throughout the whole temperature range from 280C to 900C
[25,26]. These thermographs indicate that the pyrolysis process
should occur above 300C to gain the thermal degradation of
the polystyrene and palm shell. In addition, as can be seen in
Figure 2b, the DTG graph for the palm shell showed two dis-
tinct peaks between 250C and 450C, indicating that two main
groups of reaction occur during the decomposition process. The
first peak indicated the decomposition of hemicellulose and
some of the lignin, while the second peak corresponded to the
decomposition of cellulose and the remaining lignin [27,28].
Pyrolysis Yields
Figure 3 shows the product yields from pyrolysis of
palm shell alone or palm shell mixed with polystyrene at
500C, a nitrogen flow rate of 2 L=min, and a reaction time
of 60 min. The amount of oil obtained was higher than the
volume of the other products (char and noncondensable
gases) in all of the pyrolysis experiments. This could be
explained by the volatile content being high in both sam-
ples. This finding is in good agreement with the studies of
Islam et al. [29] and Omar et al. [30], which stated that the
high volatile content is favorable for the oil yield. Further-
more, the pyrolysis of palm shell mixed with polystyrene
yielded about 15 wt % more oil than pyrolysis of palm
shell alone, which also resulted in a decrease in char prod-
uct as a consequence.
To obtain a more accurate description of the effect of
polystyrene on the oil yield in palm shell pyrolysis, some
additional experiments were performed. The experiments
included pyrolysis of polystyrene alone and co-pyrolysis of
palm shell mixed with polystyrene at ratios of 80:20, 70:30,
and 60:40 (palm shell to polystyrene). The results showed
that the pyrolysis of pure polystyrene produced oil, residue,
and noncondensable gases in proportions of about 88.63 wt
%, 9.22 wt %, and 2.15 wt %, respectively. For comparison
purpose, the product yields from co-pyrolysis of palm shell
mixed with polystyrene are given in Table 2. As can be seen
in the table, the decrease in char yield was obvious when
the mass weight of palm shell was reduced in the feed. In
this regard, the lignin content of palm shell can be a reason
for the char generated during pyrolysis. Mohan et al. [25]
noted that the presence of lignin in biomass favors the pro-
duction of a high amount of char.
Table 1. Proximate and ultimate analyses of palm shell and
polystyrene.
Characteristics Palm shell Polystyrene
Proximate analysis (wt %)
Moisture 4.7 0.25
Fixed carbon 13.2 0.12
Volatile 73.5 99.63
Ash 8.6 0.00
Ultimate analysis (wt %)
C 49.74 91.34
H 5.32 7.80
N 0.08 0.34
O (by difference) 44.86 0.52
S 0.16 0
Figure 2. (a) TGA thermographs of palm shell and polysty-
rene. (b) DTG graph of palm shell.
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Unlike char production, reducing the palm shell in the
feed resulted in an incremental increase in the yield of pyrol-
ysis oil. In this case, the addition of polystyrene is playing an
important role in the rise of oil production. As described in
the literature, a synthetic polymer such as polystyrene is an
excellent hydrogen source; hence, it could provide hydrogen
during thermal coprocessing with wood biomass, which can
lead to an increase in liquid production [31]. Most of the liq-
uid (about 60%) produced during the pyrolysis of polysty-
rene is contributed by the styrene compound [32], while
cellulose is the major component responsible for liquid pro-
duction in woody biomass [33].
From this study, it can be seen that the addition of poly-
styrene during pyrolysis of palm shell has a significant influ-
ence on elevating the oil yield. The same trends during co-
pyrolysis of cellulose with polystyrene were observed by
Rutkowski and Kubacki [34]. Their study reported that a sig-
nificant enhancement in the liquid product generated was
observed when the polystyrene content was at a higher ratio
than the cellulose content. Their experiment was performed
at a temperature of 500C, the heating rate was 5C=min,
and the reaction time was 60 min.
In addition, the waste from tire manufacture can also be
used as an alternative mixing material with biomass to
increase the oil fraction. Research into co-pyrolysis of saw-
dust mixed with tire waste showed that the oil yield reached
45.0 wt %, 46.2 wt %, 47.0 wt %, and 47.2 wt. % when tire
mass occupied 0%, 40%, 60%, and 100% of the mixture,
respectively. This work was done at 500C with a heating
rate of 20C=min and a 3.5 h reaction time [35].
The Properties and Compositions of Pyrolysis Oil
The physical and chemical properties of the pyrolysis oils
are presented in Table 3, together with the properties of die-
sel oil, which were studied from literatures [36–38]. In this
study, the measurements of viscosity shown are dynamic vis-
cosity. The results indicated that the viscosity of the oil gen-
erated from pyrolysis of palm shell was lower than that of
the blend. The high water content may be responsible for
reducing the viscosity of the oil. Nolte and Liberatore carried
out a study to observe how water content affected viscosity
and acidity. According to their results, the water content in
the oil was found to have a stronger effect on viscosity than
acidity; thus, oils with greater water content had lower vis-
cosities [39], making them easier to pump and atomize.
The analysis results show that the oils obtained in this
study are acidic, with pH of 2.5 and 2.7. The acidity is most
likely caused by the presence of carboxylic acid, acetic acid,
and formic acid [40]. The acidity makes the oil corrosive and
difficult to use in engines, boilers, and refinery processing
equipment. Aubin and Roy [41] observed that the pyrolytic
oil produced from wood was extremely corrosive at 45C,
showing high contents of acid (17.5%) and water (55.7 wt
%). Nevertheless, the acid compounds can be reduced to a
very low level by using a hydrocracking process, as
described by Elliott et al. [42].
The density of pyrolysis oil produced from pyrolysis of
palm shell mixed with polystyrene (1070 kg=m3) was higher
than that of oil produced from palm shell alone (1051
kg=m3). The densities of the obtained oils are higher than
diesel by about 1.2-fold. Before pyrolysis, the original den-
sities of the polystyrene and palm shell were shown to be
about 1050 and 1462 kg=m3, respectively. It was noted that
the conversion of palm shell and polystyrene mixtures into
pyrolysis oil reduced the density of the wastes. This means
that the area needed for liquid storage is less than the area
needed for a landfill site for the solid waste.
Figure 3. Product yields of pyrolysis.
Table 2. Distribution of products from co-pyrolysis of palm
shell and polystyrene at different ratios.
Polystyrene
in feed (%)
Pyrolysis
oil (wt %)
Char
(wt %)
Noncondensable
gases* (wt %)
20 47.73 27.81 24.46
30 49.93 23.22 26.85
40 59.13 20.18 20.69
*Calculated by difference.
Table 3. Physical and chemical properties of pyrolysis oils.
Value
Properties Palm shell Palm shell=polystyrene (50:50) Diesel Unit
Viscosity 3.20 at 50C 6.71 at 50C 3.50 at 40C cP
pH 2.5 2.7 — —
Density 1051 at 24C 1070 at 24C 853 at 20C kg=m3
Elemental composition
C 19.48 84.02 86.6 wt %
H 8.92 7.63 13.1 wt %
N 0.2 0.53 0.004 wt %
O (by differences) 71.40 7.82 1.8 wt %
S 0.04 0.61 0.11
High heating value (HHV) 11.94 38.01 45.5 MJ=kg
Water content 53 2.4 <0.1 wt %
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The water content of each pyrolysis oil was obtained by
using the Karl Fischer titration method. The results are pre-
sented in Table 3. A water content of approximately 53 wt %
was observed for pyrolysis oil from palm shell. High water
content has also been observed for pyrolysis of pine sawdust
(49.60 wt %), mesquite sawdust (67.60 wt %), and wheat
shell (84.40 wt %) as reported by Bertero et al. [43]. Gener-
ally, pyrolysis of biomass results in a high water content in
the liquid product. The high water content is undesirable
because it could be detrimental to ignition and can cause the
formation of rust in engines. Czernik et al. [44] found that
the water concentration can also be increased by long peri-
ods of time in storage. Their study showed that high temper-
ature (60C) was a suitable condition to increase water
content during storage. By contrast, pyrolysis of palm shell
mixed with polystyrene showed a significant reduction in
water content (2.4%) in this study. This reduction in water
content was consistent with the results reported by Rotliwala
and Parikh [45]. In that study, the co-pyrolysis of a deoiled
cake of jatropha and waste commercial polyolefins resulted
in a very low water content in the pyrolysis oil.
Elemental analyses of the pyrolysis oils are shown in
Table 3. The analyses showed that the contents of the two
oils were very different. The pyrolysis oil from palm shell
was found to be highly oxygenated (71.40 wt %). This high
oxygen content reduced its energy density below that of the
conventional fuel. Imam and Capareda reported that the oxy-
gen content of diesel oil is very low, around 1.8 wt % [25].
Furthermore, the amount of oxygen in the oil showed a lin-
ear relationship to the water content. The amount of oxygen
can be easily predicted (low or high) once the amount of
water has been measured. Different researchers have tried
several methods to eliminate the oxygen content and thus
elevate the energy density of pyrolysis oil. In pyrolysis, oil
upgraded by high pressure thermal treatment. Mercader et
al. [46] showed that the 51 wt % of oxygen in pine wood
pyrolysis oil was reduced to 20 wt % using a continuous
tubular reactor at a temperature of 350C, a pressure of 240
bar, and residence time of 3.4 min. Zhang et al. [47] tried to
eliminate oxygen in pyrolysis oil using a 500-mL autoclave
filled with a sulfide Co–Mo–P catalyst and a solvent (tetralin
as a hydrogen donor solvent). Their study showed that the
pyrolysis oil yield obtained was about 59.59 wt % and the
oxygen content was significantly reduced from 41.8 wt % to
3 wt % under optimum conditions (temperature of 360C,
cold hydrogen pressure of 2.0 MPa, and reaction time of 30
min). However, the study by Mercader et al. and Zhang et
al. yielded results that are not economical and requires addi-
tional work to prepare the catalyst. In this study, the co-
pyrolysis of palm shell and polystyrene waste mixtures
showed a significant reduction in oxygen, to about 7.82 wt
%. This result was obtained with high oil yield and without
additional hydrogen pressure, catalysts, or solvents.
The low oxygen content contributed to an elevated HHV
(Table 3). The HHV of the oil from pyrolysis of palm shell
mixed with polystyrene was more than triple that from pyrol-
ysis of palm shell alone. The HHV result proved that the oil
from pyrolysis of palm shell mixed with polystyrene is close
to that of conventional fuel oil (about 42–44 MJ=kg). Also, it
should be noted the oil has an energy content about 83.5%
that of diesel oil, which is higher than the typical value of oil
from the pyrolysis of woody biomass (40%) that has been
reported in the literature [48].
Figure 4 shows the spectra of pyrolysis oils from FTIR anal-
ysis. The significant difference between the two oils was clearly
Figure 4. IR spectra of the oils produced from pyrolysis of
palm shell alone and palm shell=polystyrene.
Table 4. Compounds detected in obtained oil from pyrolysis of palm shell.
No. Compound Area % Group Formula
1 Benzoic acid, 4-hydroxy- 2.59 Acid C7H6O3
2 Benzoic acid, 4-hydroxy-3-methoxy- 3.96 Acid C8H8O4
3 Hexadecanoic acid, methyl ester 0.25 Acid C17H34O2
4 Furfural 3.61 Furan C5H4O2
5 2-Propanone, 1-(4-hydroxy-3-methoxyphenyl)- 0.19 Ketone C10H12O3
6 Phenol 47.53 Phenol C6H6O
7 Phenol, 2,6-dimethoxy- 11.24 Phenol C8H10O3
8 Phenol, 2-methoxy- 5.24 Phenol C7H8O2
9 Phenol, 2-methoxy-4-methyl- 5.45 Phenol C8H10O2
10 Phenol, 4-ethyl-2-methoxy- 3.18 Phenol C9H12O2
11 Vanillin 0.15 Phenol C8H8O3
12 b-D-Glucopyranose, 1,6-anhydro- 0.73 Sugar C6H10O5
13 D-Allose 2.51 Sugar C6H12O6
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observed for peaks in the range of 3200 and 3600 cm21, which
indicated the presence of phenols and alcohols. The peaks
also show the presence of oxygen in the oil, representative of
OAH stretching vibrations. However, the peaks were observed
clearly in the pyrolysis oil produced from palm shell. The
strong peaks in the 730–770 cm21 and 690–710 cm21 ranges
showed the presence of aromatic compounds, represented by
CAAH bending vibrations. These peaks were observed in the
oil produced from the blend of materials.
The main purpose of GCMS analysis is to get an idea of
the nature and types of compounds in the obtained oils. In
this study, the detected compounds were identified by
searching the MS library database; the results are listed in
Tables 4 and 5. However, since more than 100 peaks were
detected, only the peaks with a high degree of probability
(70%) and peak areas around or greater than 0.1% are
included in the list. As can be seen in Table 4, the main
chemical groups in the pyrolysis oil produced from palm
shell include phenol, acid, sugar, ketone, and furan, which
are typically the main primary products generated from bio-
mass pyrolysis [3,43]. Among them, the proportion of phenol
was found to be the highest in the oil, accounting for about
Table 5. Compounds detected in obtained oil from pyrolysis of mixtures of palm shell and polystyrene.
No. Compound Area % Group Formula
1 1,10-Biphenyl, 3-methyl- 0.19 Aromatics C13H12
2 1,10-Biphenyl, 4-pentyl- 0.26 Aromatics C14H12F2
3 1H-Cyclopropa[l]phenanthrene,1a,9b-dihydro- 0.22 Aromatics C15H12
4 3-Methyl-1-phenyl-1H-indene 1.49 Aromatics C16H14
5 5H-Dibenzo[a,d]cyclohepten-5-one, 10,11-dihydro- 16.61 Aromatics C15H14
6 6,7,8,9-Benzo[b]fluorene 1.14 Aromatics C17H16
7 7-Isopropenyl-1,4a-dimethyl-4,4a,5,6,7,8-hexahydro-3H-naphthalen-2-one 1.42 Aromatics C15H22O
8 9,10-Dimethylanthracene 0.41 Aromatics C16H14
9 Anthracene 1.08 Aromatics C14H10
10 Anthracene, 9,10-dihydro- 0.57 Aromatics C14H12
11 Anthracene, 9-ethyl-9,10-dihydro-10-methyl- 0.86 Aromatics C17H18
12 Bibenzyl 5.86 Aromatics C14H14
13 Biphenyl 0.59 Aromatics C12H10
14 Naphthalene 0.36 Aromatics C10H8
15 Naphthalene, 1-methyl- 0.16 Aromatics C11H10
16 Naphthalene, 2-phenyl- 7.07 Aromatics C16H12
17 Phenanthrene, 1,2-dihydro- 0.28 Aromatics C14H12
18 p-Terphenyl 0.81 Aromatics C18H14
19 Pyrene, 1-methyl- 0.21 Aromatics C17H12
20 a-Methylstyrene 1.51 Benzene C9H10
21 1,2-Diphenylcyclopropane 5.11 Benzene C15H14
22 1,3-Butadiene, 1,4-diphenyl-, (E,E)- 2.62 Benzene C16H14
23 1H-Indene, 2-phenyl- 1.09 Benzene C15H12
24 2,5-Diphenyl-1,5-hexadiene 4.31 Benzene C18H18
25 3,5-Cyclohexadiene-1,2-dione, 3,4,5,6-tetrachloro- 0.24 Benzene C6Cl4O2
26 4-Ethylbiphenyl 0.20 Benzene C14H14
27 Benzaldehyde 0.14 Benzene C7H6O
28 Benzene, (1-methylene-2-propenyl)- 0.22 Benzene C10H10
29 Benzene, (1-methylenebutyl)- 0.16 Benzene C11H14
30 Benzene, (1-methylenepropyl)- 0.63 Benzene C10H12
31 Benzene, (2-methylene-1-phenylcyclopropyl)- 0.42 Benzene C16H14
32 Benzene, 1,1’-(1,3-butadienylidene)bis- 1.49 Benzene C16H14
33 Benzene, 1,1’-(1,3-propanediyl)bis- 2.96 Benzene C15H16
34 Benzene, 1,1’-(1-methyl-1,2-ethanediyl)bis- 3.19 Benzene C15H16
35 Bicyclo[4.2.0]octa-1,3,5-triene 0.17 Benzene C8H8
36 Dibenzo[a,e]cyclooctene 1.28 Benzene C16H12
37 Ethylene, 1,1-diphenyl- 0.54 Benzene C14H12
38 Styrene 6.13 Benzene C8H8
39 Diphenylmethane 0.59 Benzene C13H12
40 Benzhydryl isothiocyanate 0.10 Benzhydryl C14H11NS
41 Bis(2-ethylhexyl) phthalate 0.20 Ester C24H38O4
42 Di-n-octyl phthalate 0.11 Ester C24H38O4
43 Furfural 0.52 Furan C5H4O2
44 20,60-Dihydroxyacetophenone 0.27 Ketone C8H8O3
45 Phenol 5.37 Phenol C6H6O
46 Phenol, 2,6-dimethoxy- 0.67 Phenol C8H10O3
47 Phenol, 2-methoxy- 0.55 Phenol C7H8O2
48 Phenol, 2-methoxy-4-methyl- 0.51 Phenol C8H10O2
49 Phenol, 2-methyl- 0.36 Phenol C7H8O
50 Phenol, 4-ethyl-2-methoxy- 0.30 Phenol C9H12O2
51 Phenol, 4-methyl- 0.51 Phenol C7H8O
52 Ethisterone 8.62 Progestogen C21H28O2
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72.79% of the total. The high level of phenol typically found
in pyrolysis oils from woody biomass is mostly contributed
by lignin contained in the material [25]. In this study, the lig-
nin component was found to be higher (around 44%) than
that of cellulose (27.7%) or hemicellulose (21.6%).
Furthermore, the results of GCMS analysis for the oil pro-
duced from blend materials are presented in Table 5. The
results show that the quantity of phenol groups in the oil
was reduced (around 8.27%), while compounds consisting
entirely of hydrogen and carbon were identified as abundant
in the oil. This indicates that the oil can potentially be used
as a combustible fuel source. The hydrocarbon groups in the
oil were mostly found in the form of aromatics and benzene,
with percent areas of 39.59% and 32.99%, respectively. In
addition, the finding by GCMS analysis is in good agreement
with the result of FTIR analysis.
The Energy Potential From Pyrolysis Oils
The energy potential was calculated based on the total
amount of polystyrene waste available in Malaysia (280,000
tons=year). The amount of the waste was established as a
50% ratio. So, the total quantity of wastes that can be used
for production of pyrolysis oil is:
Total feed stock ðAÞ550%ratio of polystyrence
1 50%ratio of palmshell
5280; 0001280; 0005560; 000 tons=year
As shown in Figure 3, the oil obtained by pyrolysis of
palm shell mixed with polystyrene accounted for 61.63 wt %
of the raw materials. Therefore, the total pyrolysis oil that
can be produced per year through the pyrolysis process is:
Total of pyrolysis oil yield ðBÞ5A361:63wt%
5560; 000361:63 wt%
5345; 128 tons=year
As shown in Table 3, the oil from pyrolysis of palm shell
mixed with polystyrene has a HHV of 38.01 MJ=kg. The total
amount of pyrolysis oil is equal to 345,128,000 kg=year.
Hence, the total energy contained in the oil is:
Energy contained in oil5B3HHV of oil
5 345; 128; 000338:01
513; 118; 315; 280 MJ=year513:12PJ=year
A comparison of potential energies from different pyroly-
sis oils is given in Table 6. The use of palm shell waste as a
source of biomass energy by producing pyrolysis oil has the
potential to contribute 3.08 PJ=year to Malaysia’s energy sup-
ply. This number increases to 13.12 PJ=year when polysty-
rene waste is included in the palm shell pyrolysis.
CONCLUSIONS
This study has shown that pyrolysis of palm shell mixed
with polystyrene waste has the potential to be a suitable
method for producing high-grade pyrolysis oil that has a
high liquid yield (61.63 wt %). This quantity of oil was
obtained with a process temperature of 500C, a reaction
time of 60 min, a N2 flow rate of 2 L=min, and without any
catalysts or solvents. The oxygen content was significantly
changed from 71.40 wt % to 7.82 wt % without any change
in parameter settings and free of hydrogen pressure. The
synergistic effect in the pyrolysis of the palm
shell=polystyrene mixtures also plays an important role in
increasing the HHV of the liquid. Therefore, this method can
be considered a simple, cheap, and effective procedure to
obtain high-grade pyrolysis oil. In addition, by using this
method, the volume of palm shell and polystyrene wastes is
easy to control. Using these wastes to produce pyrolysis oil
could contribute to reducing the landfill needed, decreasing
the cost for waste treatment, and solving some environmen-
tal problems. Furthermore, it can also be noted that this is an
optional solution to increase energy security in Malaysia.
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Recovery of Liquid Fuel from the Aqueous Phase of Pyrolysis Oil
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ABSTRACT: Oil from the pyrolysis of biomass typically consists of two diﬀerent layers deﬁned as the aqueous and organic
phases. The objective of this study was to determine the yield of liquid fuel that can be produced from the aqueous phase using a
catalytic conversion. The process was supported by two diﬀerent HZSM-5 catalysts with temperatures set at 405, 455, 505, and
555 °C. The oils obtained were then analyzed using Karl Fischer titration, FTIR spectroscopy, GC/MS, TGA, and CHNS/O
analysis. The results showed that the oil yields obtained from catalytic cracking of the aqueous phase ranged from 4 to 9.16 wt %
depending on the catalyst type and temperature. The optimum performance of deoxygenation activity was obtained with the
HZSM-5/50 catalyst at a temperature of 555 °C. The oil produced under the optimum conditions was dominated by aromatics
and phenols and had an HHV of 38.44 MJ/kg.
1. INTRODUCTION
Currently, developments in the production of pyrolysis oil as a
renewable liquid fuel from biomass are attracting increasing
attention in the renewable energy research community. One
important reason for this interest is the abundant amount of
biomass that is now available around the world. As a renewable
source, biomass is easy to obtain in various forms1 and can be
regenerated in a short period of time.2 Moreover, the oil
produced from biomass pyrolysis has received positive notice as
a more environmentally friendly fuel because it contributes to
reducing the amount of CO2 in the atmosphere, which also has
the eﬀect of minimizing emissions of greenhouse gases.3−6
Basically, the oil from the pyrolysis of biomass consists of
two diﬀerent layers, deﬁned as the aqueous phase and the
organic phase (viscous oil phase). The aqueous phase can be
obtained as the top layer of pyrolysis oil, whereas the bottom
layer is the organic phase. In the copyrolysis of biomass, the oil
can be obtained in three diﬀerent layers, where the middle layer
is determined as the aqueous phase.7 Yields of the aqueous
phase vary in the range of 15−75 wt % of the total pyrolysis
oil.8,9 Physically, the aqueous phase is light brown in color and
has a lower viscosity than the organic phase. Some studies have
shown that the aqueous phase from pyrolysis oil generally has a
high water content, measured in the range of 36−70 wt %.10,11
Sugars, organic acids, hydroxyacetone, hydroxyacetaldehyde,
furfural, and small amounts of guaiacols are chemical
compounds contained in the aqueous phase.12
Several methods have been developed to separate the
aqueous and organic phases for various research purposes.
Ertas ̧ and Hakkı Alma developed a simple method using only a
separatory funnel.1 Bertero et al. performed the separation
process using a centrifuge maintained at 3200 rpm for 8 min.13
A study by Uca̧ra and Karagöz conducted the separation by
extracting the organic layer.14 The oil was mixed with diethyl
ether, and then the ethereal solutions obtained were dried over
anhydrous sodium sulfate, ﬁltered, and evaporated in a rotary
evaporator at 25 °C. Upon removal of the diethyl ether, this
fraction was weighed and called organic oil. Xiu et al. separated
the aqueous phase by ﬁltration under a vacuum through a glass
ﬁber ﬁlter.15
Many studies have performed an upgrading process to obtain
liquid fuel from the organic phase of pyrolysis oil.16−21
However, no literature was found on the direct utilization of
the aqueous phase for liquid fuel production. The high water
content might be why this phase is not getting attention for the
further study of liquid fuel production. In 2011, some
researchers have tried to use the aqueous phase of pyrolysis
oil to produce acetic acid and hydrogen gas. Teella et al. studied
the extraction of acetic acid from the aqueous phase of fast
pyrolysis bio-oil by a separation process using nanoﬁltration
and reverse-osmosis membranes.12 A similar study was
conducted by Rasrendra et al.,22 who performed the recovery
of acetic acid by reactive extraction using tri-n-octylamine.
Meanwhile, the production of hydrogen has been studied by
Medrano et al.23 and Zhang et al.24 through the process of
catalytic steam reforming in a ﬂuidized-bed reactor.
However, it is important to conduct research to obtain an
overview of how much liquid fuel can be produced from the
aqueous phase. Catalytic cracking is a technique that can be
selected for this purpose and is known to be a cheaper process
because it is performed under low-pressure conditions25 with
no need for complicated equipment or reactor plugging in the
proposed process. In application, there are two types of
catalytic cracking: oﬀ-line catalytic cracking, which uses
pyrolytic oil as raw material, and online catalytic cracking,
which uses pyrolysis vapors as raw material.26 Zeolite or silica−
alumina is an acidic catalyst that is frequently used to support
this process. The positive performance of zeolites in upgrading
pyrolysis oil has been widely studied by many research-
ers.16,27−29 Strong acidity, high activity, and shape selectivity are
characteristics of this type of catalyst, which enable a high level
of conversion of oxygenated compounds to hydrocarbons.30
Received: July 23, 2013
Revised: April 22, 2014
Published: April 23, 2014
Article
pubs.acs.org/EF
© 2014 American Chemical Society 3074 dx.doi.org/10.1021/ef5003952 | Energy Fuels 2014, 28, 3074−3085
The objective of this study was to determine the yield of
liquid fuel that can be produced from the aqueous phase of
pyrolysis oil. Two diﬀerent HZSM-5 catalysts were used to
support the catalytic conversion at temperatures of 405, 455,
505, and 555 °C. The oil product was then characterized using
several laboratory techniques to obtain an overview of its
chemical and physical properties.
2. EXPERIMENTAL SECTION
2.1. Raw Material of Pyrolysis Oil. The pyrolysis oil used in this
study was produced by the pyrolysis of 200 g of palm shell at a
temperature of 500 °C, as described in a previous work by Abnisa et
al.11 The oil was then separated into two phases based on a procedure
developed by Bertero et al.13 The physical and chemical properties of
the aqueous phase of the pyrolysis oil are listed in Table 1.
2.2. Preparation and Characterization of Catalysts. In this
study, two diﬀerent commercial zeolites were used as catalysts to
perform the cracking process. The ﬁrst zeolite had a silica/alumina
ratio of 50 (HZSM-5/50). It was supplied by Zeolyst International,
London, U.K. The zeolite was received in NH4-exchanged form. To
remove the ammonia, the catalyst was heated for 60 min in a stream of
nitrogen at 500 °C. The second catalyst used in this study is the zeolite
HZSM-5/70. This catalyst was supplied by Acros Organics, Morris
Plains, NJ, USA.
Prior to use, both of the catalysts were compacted using a press
machine with a pressure of 20 tons. The catalyst was ﬁlled into a
square-shaped mold made of stainless steel. For each catalyst, the
pressing process was held for 15 min. Then, the compacted catalyst
was crushed and sieved to 1−2 mm. These works were performed to
prevent loss of the catalyst from the catalyst bed in the reactor during
the process. The properties of the zeolite catalysts after the pressing
process are listed in Table 2. The surface area of the catalyst was
determined using the Brunauer−Emmett−Teller (BET) method with
a Quantachrome Autosorb-1 instrument using nitrogen gas at −196
°C.
Furthermore, the acidic properties of catalysts were characterized by
the temperature-programmed desorption of ammonia (NH3 TPD),
using a ChemiSorb 2720 analyzer (Micromeritics). The NH3 TPD
proﬁles for both catalysts are shown in Figure 1. As can be seen in
Figure 1, each of catalysts exhibited two NH3 desorption peaks that
were generally observed in two temperature regions referred to as the
low-temperature and high-temperature region, respectively. One
strong peak around 220 °C was assigned to the desorption of NH3
from the weak acid sites, whereas another peak of the NH3 TPD
spectrum around 440 °C corresponds to the desorption of NH3 from
the strong acid sites.31 Moreover, the intensity of the peak areas was
clearly reduced signiﬁcantly when the Si/Al ratio was increased from
50 to 70, indicating a reduced acid amount and strength with
increasing Si/Al ratio. This ﬁnding is in agreement with previous
studies.32,33
The use of HZSM-5 catalysts has gained interest in many studies of
catalytic upgrading processes. However, the performance of this
catalyst is hindered by its rather low stability, that is, its tendency for
deactivation. The catalyst deactivation is mainly caused by carbon
deposition on the catalyst during the conversion of pyrolysis oil.
According to Bi et al.,34 the regeneration of the deactivated catalyst can
be achieved by the coke burnoﬀ method. Nevertheless, to obtain the
optimum performance, the regeneration of the deactivated catalyst
cannot be performed repeatedly. Guo et al. noted that the catalytic
activity changed moderately during the ﬁrst three cycles of
regeneration, whereas the catalysts gradually deactivated upon
repeated regenerations after the ﬁrst three times.35 Similar
observations were also reported by Vitolo et al., who studied the
behavior of the HZSM-5 catalyst when used in repeated upgrading−
regenerating cycles.25
2.3. Experimental Setup. The experiments were conducted using
a ﬁxed-bed reactor in a batch process at atmospheric pressure. The
height and inside diameter of the reactor were 550 and 10 mm,
respectively. Figure 2 presents a detailed schematic of the experimental
setup for catalytic conversion. The reactor was loaded by placing 0.2 g
of quartz wool as a support for the catalytic bed and adding 10 g of
catalyst, and it was ﬁnally closed by placing 0.2 g of quartz wool on top
of the catalyst.
The experiment was started by heating the catalyst at 200 °C for 60
min to obtain anhydrous conditions. Then, the temperature was set to
the desired value (405, 455, 505, and 555 °C) in a stream of nitrogen
at a heating rate of 10 °C/min. When the temperature of the reactor
was reached, the nitrogen ﬂow was stopped. The aqueous phase was
injected into the vertical reactor at a ﬂow rate of 1.051 g/min using a
peristaltic pump. Each run lasted for about 30 min and was performed
in triplicate.
During the process, the aqueous phase was evaporated due to the
eﬀect of the thermal conversion at reactor temperature. As the initial
eﬀect of the thermal reaction, a solid residue was formed on the top
Table 1. Physical and Chemical Properties of the Aqueous
Phase of Pyrolysis Oil
property value units
viscosity at 50 °C 1.9 cP
pH 2.5
density at 24 °C 1051 kg/m3
elemental composition (wet basis)
C 15.30 wt %
H 11.58 wt %
N 0.16 wt %
Oa 72.90 wt %
S 0.06 wt %
higher heating value (HHV) 14.24 MJ/kg
water content 53 wt %
elemental composition (dry basis)
C 32.55 wt %
H 12.00 wt %
O 54.98 wt %
aBy diﬀerence.
Table 2. Properties of the Catalysts after the Pressing
Process
product
zeolite
SiO2/Al2O3
mole ratio
nominal
cation form
surface
area
(m2/g)
total pore
volume
(cm3/g)
HZSM-5/50 50 ammonium 315 0.16
HZSM-5/70 70 hydrogen 159 0.11
Figure 1. NH3 TPD proﬁles of the zeolite catalysts.
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layer of quartz wool, derived from some of the ingredients of the
aqueous phase. Furthermore, the vapors from the evaporation of the
aqueous phase ﬂowed downward and into contact with the catalyst,
after which it passed through the cooler tube at 5 °C and ﬁnally ﬂowed
into an ice trap apparatus to condense as a liquid product. As a
consequence, impurities were deposited on the surface of the catalyst
and the presence of coke was indicated.
In this study, the amount of noncondensable gases was determined
by the diﬀerence between the total weights of the aqueous phase
(feed) and other products (oil, water, char, tar, and coke). Some
preliminary studies were conducted to measure the CO2 released from
the noncondensable gas, and the results showed that more than 5000
ppm of CO2 was produced in all of the experiments. The CO2 gas was
recorded using a Vernier CO2 gas sensor.
The liquid product was obtained in two immiscible layers deﬁned as
the oil and water fractions. The oil can be easily separated from the
water fraction using a micropipet. After separation, each fraction was
weighed separately, and the obtained values were then calculated using
eq 1.
After each run, the spent catalyst and the top and bottom quartz
wool plugs were removed from the reactor. The solid residue that was
deposited on the top quartz wool was deﬁned as char. The char was
calculated by the weight diﬀerence of the top quartz wool before and
after the experiment. Afterward, the internal surface of the reactor, the
spent catalyst, and the bottom plug of quartz wool were washed with
acetone, and then the acetone solution from the washing process was
collected. After the acetone solution had been dried at 100 °C for 60
min, what remained of it was deﬁned as tar. The catalyst that had been
washed to deﬁne the tar was then used to obtain the coke. The
catalysts were dried in an oven and heated in a furnace for 60 min at
100 °C and for 60 min at 600 °C. The weight diﬀerence of the catalyst
before and after heat treatment was determined as the amount of coke.
To obtain the ﬁnal percentages of the products (oil, water, char, tar,
and coke), all of the yields that were obtained in this work were then
calculated using the equation
= ×yield (wt %) product (g)
feed (g)
100%
(1)
In this work, each of experiments with diﬀerent zeolites (HZSM-5/
50 and HZSM-5/70) and diﬀerent temperatures (405, 455, 505, and
555 °C) yielded oil, water, char, coke, tar and gas. The gas yield was
assumed to be a CO2 fraction. The formation of CO2 was found to be
dominant during the catalytic upgrading of pyrolysis oil.36,37
2.4. Product Analysis. The oil produced from catalytic cracking
was analyzed by performing several tests. These included analysis of
the water content, functional group composition analysis by Fourier
transform infrared (FTIR) spectroscopy, detailed chemical composi-
tion analysis of the oil using gas chromatography/mass spectroscopy
(GC/MS), elemental analysis (C, H, N, S, and O), and
thermogravimetric analysis.
The Karl Fischer titration method was used to measure the water
content. The measurement was performed using a Karl Fischer 737 KF
Coulometer from Metrohm. HYDRANAL Coulomat AG (80 mL) and
HYDRANAL Coulomat CG (5 mL) were used as the anolyte and
catholyte reagents, respectively. Fourier transform infrared (FTIR)
spectroscopy was used to classify the chemical types in the oil. The
analysis was conducted using a Perkin-Elmer Spectrum 400
spectrometer. The oil samples were pressed into a disk with 1 g of
KBr and then scanned in the range of 550−4000 cm−1 with a
resolution of 4 cm−1. The chemical compositions were determined by
GC/MS. The analysis was performed with an Agilent Technologies
7890A gas chromatograph equipped with an Agilent 5975C mass-
selective detector (mass spectrometer). High-purity helium was used
as the carrier gas at a constant ﬂow rate of 1.0 mL/min. An Agilent
HP-5 50-m column with an inner diameter of 0.32 mm and a ﬁlm
thickness of 0.25 μm was used in the GC/MS instrument. The analysis
was started by heating the column at 50 °C, and the column was then
kept isothermal for 1 min and ramped to 270 °C at a rate of 7 °C/min.
This temperature was held for 10 min. The volume of sample injected
was about 1 μL.
Figure 2. Flow diagram of the experimental setup used for the catalytic conversion of the aqueous phase.
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The elemental analysis of the oils was performed with a model 2400
Perkin-Elmer Series II CHNS/O Analyzer. A CHNS combustion tube
and a reduction tube were used for this determination. Each of the
elemental values was used for calculating the H/C and O/C ratios in
the upgraded oils using the following equations
=H/C H/MW
C/MW
H
C (2)
=O/C O/MW
C/MW
O
C (3)
From the elemental analysis (wet basis), the dry elemental
composition could be calculated by subtracting the contributions of
H and O originating from the water10
=
−
C
C
[1 (H O/100)]dry
wet
2 (4)
= − +
−
H
H {H O[2MW /(2MW MW )]}
[1 (H O/100)]dry
wet 2 H H O
2 (5)
= − +
−
O
O H O[MW /(2MW MW )]
[1 (H O/100)]dry
wet 2 O H O
2 (6)
The results of elemental analysis were also used for calculating the
higher heating value (HHV). In this study, the HHV was calculated
according to the equation
= + − −
+
HHV (MJ/kg) 0.336C 1.418H (0.153 0.000720O)O
0.0941S (7)
which is a Dulong-type formula modiﬁed by Mott and Spooner.38
Generally, the formula is used for conditions in which the oxygen
content is greater than 15%.
The recovery rate of carbon (Crecovery) from the upgraded oils was
determined as in the equation
= ×
×
C {[upgraded oil yield upgraded oil carbon content
(dry basis)]/[feed carbon content (dry basis)]}
100%
recovery
(8)
Thermogravimetric analysis (TGA) of the raw pyrolytic oil and
upgraded oil was performed using a TGA 4000 thermogravimetric
analyzer (Perkin-Elmer). The analysis was done under a nitrogen ﬂow
rate of 25 mL/min and at a heating rate of 40 °C/min.
3. RESULTS AND DISCUSSION
3.1. Product Yields. The products obtained from the
catalytic conversion are presented in Table 3. As can be seen,
the oil yields from catalytic cracking of the aqueous phase
ranged from 4 to 9.16 wt %, depending on the catalyst type and
temperature. Catalytic cracking using the HZSM-5/70 catalyst
produced the highest yield of oil (about 9.16 wt %) at a low
temperature of 405 °C. However, the yield of oil was
signiﬁcantly less when the HZSM-5/50 catalyst was used, and
the water yield was increased. It is noted that proper selection
of the catalyst in catalytic conversion will more eﬀectively
separate the water and oxygenated compounds from the oil.
According to Iliopoulou et al.,39 a catalyst with a large surface
area, relatively large pores, and mild to moderate acidity can be
considered as promising for catalytic conversion. In this study, a
larger surface area and larger pore volume were observed with
the HZSM-5/50 catalyst (see Table 2). Furthermore, the eﬀect
of temperature also plays an important role in recovering the
liquid fuel from the aqueous phase of pyrolysis oil. An increase
in process temperature was found to lead to a decreased oil
yield. This behavior was observed for both of the catalysts used
in this study. Williams and Nugranad40 studied the catalytic
pyrolysis of rice husks and found a similar decrease in the oil
production with increased pyrolysis temperature.
Figure 3 shows a comparison of the physical appearance of
the oils after catalytic cracking using the two diﬀerent catalysts
at a temperature of 555 °C. The oil obtained using HZSM-5/70
was black and was present in the bottom layer, whereas the
water obtained in the upper layer was light yellow in color. By
contrast, the use of HZSM-5/50 catalyst resulted in oil
obtained in the upper layer and colorless water. In addition, a
distinctive aromatic odor similar to that of gasoline was
detected for the oil produced using HZSM-5/50.
As can be seen in Table 3, the water was observed to be the
highest percentage of products obtained from the catalytic
conversion. This result is in good agreement with our previous
work,11 where we observed that the aqueous phase produced
from palm shell was dominated by the water content (about 53
wt %). Furthermore, an increase in temperature was also found
to play an important role in increasing the yield of water. The
experiment that used the HZSM-5/50 catalyst showed that the
formation of water increased from 51.88 to 55.82 wt % when
the temperature was increased from 405 to 555 °C. Sharma and
Bakhshi19 studied the catalytic upgrading of pyrolysis oil at
atmospheric pressure using HZSM-5 as the catalyst. The
upgrading was done in the temperature range of 340−410 °C
in a ﬁxed-bed microreactor. Their results showed that an
increase in temperature caused an increase in water yield.
Table 3. Product Yields from the Catalytic Cracking of the
Aqueous Phase Using HZSM-5/50 and HZSM-5/70
yield (wt %)
temperature (°C) oil water char tar coke gasa
HZSM-5/50 Catalyst
405 7.46 51.88 5.43 3.63 9.48 22.12
455 6.19 53.14 3.77 3.81 8.27 24.82
505 4.67 56.02 2.74 2.78 7.90 25.89
555 4.00 55.82 2.38 2.57 7.75 27.48
HZSM-5/70 Catalyst
405 9.16 43.72 5.01 4.69 7.19 30.23
455 9.01 44.83 4.34 4.66 6.51 30.65
505 8.18 46.38 3.97 3.79 7.05 30.63
555 7.31 46.85 3.99 3.62 7.24 30.99
aBy diﬀerence.
Figure 3. Comparison of oil yields after catalytic conversion with
diﬀerent catalysts at a temperature of 550 °C.
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During the process, the solid carbonaceous material that was
identiﬁed as char was formed above the catalyst bed (the top
quartz wool). For the HZSM-5/50 catalyst, the results showed
that the char was reduced as the pyrolysis temperature was
increased, from 5.43 wt % at 405 °C to 2.38 wt % at 555 °C. In
this study, the highest char yield was observed at low reaction
temperature. Pütün et al.41 noted that increasing the temper-
ature in the catalytic upgrading process has the eﬀect of
increasing the conversion yield while decreasing the yield of
char.
As undesirable byproducts, tar and coke were obtained at
yields in the ranges of 2.57−4.69 wt and 6.51−9.48 wt %,
respectively. As can be seen from Table 3, both of these
products were inﬂuenced by the operating temperature, with
increasing temperature leading to a decrease in the tar and coke
yields. These observations are in agreement with the study
reported by Vitolo et al.25 According to Phuphuakrat et al.,42
the decrease in tar caused by the high temperature of the
process had the beneﬁt of increasing the gas production. Their
conclusion is in good agreement with the yield of gas evident in
Table 3, where the yield of gas was increased as the tar yield
decreased. Furthermore, the proportion of coke was observed
to be higher than the byproducts of char and tar. As described
in the literature, the coke can result from the polymerization of
some of the primary organic vapors during the catalytic
reactions.43 On the other hand, some of the aromatic
compounds, particularly furans, might also undergo polymer-
ization to form coke.44 However, the presence of coke
deposited on the catalyst surface is undesirable because it can
lead to deactivation of the catalyst. In this study, the decrease of
coke with increasing temperature was clearly observed for both
catalysts. A similar tendency of coke decreasing was also
reported in another study.40
3.2. Characteristics of the Produced Oil. 3.2.1. Water
Content in the Produced Oil. The results of water content
analysis of the oils produced under diﬀerent zeolite catalysts are
shown in Figure 4. During the process, a decrease in water
content caused by an increase in temperature was clearly
observed for all experiments. However, a signiﬁcant reduction
of water content in the oil obtained was observed only when
the HZSM-5/50 catalyst was used at a temperature of 555 °C,
where its value was about 3.97 wt %. Hilten et al.45 noted that
the reduction of water content in catalytic cracking was due to
the formation of hydrocarbons. As reported by Sharma and
Bakhshi,19 a small amount of water, approximately 2−5 wt %,
will still remain in the oil after catalytic cracking.
3.2.2. Functional Group Compositional Analysis. A
comparison of the FTIR spectra of the aqueous phases of
pyrolysis oil and oils after cracking obtained at a temperature of
555 °C using HZSM-5 catalysts is shown in Figure 5a. In this
study, diﬀerent wavelengths of absorbed light were observed,
which indicates that the aqueous phases had dissimilar chemical
bonds. Figure 5a clearly shows that some of the oxygenated
groups are still present in the oils after cracking. The presence
of oxygen in the oil was represented by the O−H stretching
vibrations between 3200 and 3400 cm−1, which indicated
phenols and alcohols. However, some of the peaks indicated as
oxygenated groups disappeared from the upgraded oil that was
produced using the HZSM-5/50 catalyst. These were detected
in the ranges of 1650−1850 and 1000−1300 cm−1. The peaks
between 1650 and 1850 cm−1, which are related to CO
stretching, indicate the presence of ketones, carboxylic acids,
and aldehydes. The CO stretching vibration in the range of
1000−1300 cm−1 was identiﬁed as alcohols and esters. The two
low-intensity peaks at 2350 cm−1 exhibited by the aqueous
phase of the pyrolysis oil are due to the presence of CO2 in the
air during the analysis. In addition, the spectrum of the oil
Figure 4. Eﬀect of temperature on the water contents in the oils after
catalytic conversion.
Figure 5. FTIR spectra of (a) the aqueous phase and the oils after
catalytic conversion at a temperature of 555 °C and (b) distilled water
and the produced water after catalytic conversion at a temperature of
555 °C.
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Table 4. Compounds in the Produced Oils as Identiﬁed by GC/MS Analysis
identified compounds (%)
HZSM-5/50 HZSM-5/70
compound feed 405 455 505 555 405 455 505 555
Aromatics
indane 0.68 1.48 1.65 1.52
indan, 1-methyl- 1.81 2.38 2.55 2.48
indene 1.94
1H-inden-5-ol, 2,3-dihydro- 0.53
1H-indene, 1,3-dimethyl- 2.83 1.21
1H-indene, 2,3-dihydro-4,7-dimethyl- 1.56
1H-indene, 2,3-dihydro-4-methyl- 0.52 1.16 2.24
1H-indene, 2,3-dihydro-1,3-dimethyl- 1.37
benzene, 1,2,3-trimethyl- 2.89 7.39 6.04 4.03 0.61
benzene, 1,3-dimethyl- 0.83 0.2 4.07 0.21
benzene, 1-ethyl-2-methyl- 2.48 5.94 4.55 3.49 0.42
benzene, 4-ethyl-1,2-dimethyl- 0.25
benzene, 1-methyl-2-(1-methylethyl)- 0.27
benzenemethanol, 4-(1-methylethyl)- 1.21
benzene, (1-methylethyl)- 0.20
benzene, methoxy- 0.73 0.21 0.36 0.56
benzene, cyclopropyl- 0.23
benzaldehyde, 4-hydroxy-3,5-dimethoxy- 0.67 0.58 0.75 0.54
ethylbenzene 0.35
1,1′:3′,1″-terphenyl, 5′-phenyl- 0.25
naphthalene 2.51 3.98
naphthalene, 1,4,5-trimethyl- 0.93
naphthalene, 1,4,6-trimethyl- 1.05 0.61 0.33
naphthalene, 1,4-dimethyl- 0.49 0.25 1.11
naphthalene, 2,6-dimethyl- 0.43
naphthalene, 2,7-dimethyl- 2.43 2.57 2.27 2.12 0.55 1.52
naphthalene, 1-methyl- 0.52
naphthalene, 2-methyl- 1.32 2.35 3.52 7.17 0.43
naphthalene, 1-ethyl- 0.55 0.94 1.30
naphthalene, 2-(1-methylethyl)- 1.22 1.09
naphthalene, 2-methyl-1-propyl- 0.27
naphthalene, 2,3,6-trimethyl- 0.91
o-xylene 0.78 5.53 3.66 1.43
2-naphthalenol 0.99 1.58 2.22
p-xylene 9.23 14.4 10.76
anthracene 0.73 0.68 0.46
phenanthrene, 1-methyl- 0.47
phenanthrene, 2-methyl- 0.71
α,β,β-trimethylstyrene 0.85
1,1′-biphenyl, 2-ethyl- 0.20
4-hydroxy-3-methylacetophenone 0.36
9H-fluorene, 2-methyl- 0.33
5-tert-butylpyrogallol 4.02
4-methoxy-2-methyl-1-(methylthio)benzene 1.54
Ketones
2-cyclopenten-1-one 0.45 1.68 1.53
2-cyclopenten-1-one, 2-methyl- 0.44 0.24 0.33 0.39 0.38
2-cyclopenten-1-one, 3-methyl- 0.22
ethanone, 1-(4-hydroxy-3,5-dimethoxyphenyl)- 1.16 0.90 0.24 0.51
2-propanone, 1-(4-hydroxy-3-methoxyphenyl)- 0.20
Acids
benzoic acid, 4-hydroxy- 2.59
benzoic acid, 4-hydroxy-3-methoxy- 3.96 3.03
hexadecanoic acid, methyl ester 0.25
Furans
furfural 3.61 1.31 2.51 1.86
2-furancarboxaldehyde, 5-methyl- 0.66
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yielded using HZSM-5/50 showed emerging peaks between
2850 and 3100 cm−1. Several distinct peaks in the range of
2850−3000 cm−1 were identiﬁed as alkanes represented by the
CH stretching vibration. The single medium peak due to
CH stretching vibration that is shown in the range of 3010−
3100 cm−1 was indicated as alkenes.
In addition, FTIR analysis was also used to identify the
remaining chemicals in the water produced after the cracking
process at a temperature of 555 °C. The IR spectrum of
distilled water was used as a reference to compare the purity of
the produced water after the process of catalytic cracking. From
Figure 5b, it can be seen that the water produced using the
HZSM-5/50 catalyst had a spectrum similar to that of distilled
water, whereas the water produced using the HZSM-5/70
catalyst still clearly showed the presence of alcohols, acids, and
esters, represented by the CO stretching vibration in the
range of 1000−1320 cm−1. It is explained that the catalyst with
good performance in catalytic conversion will produce more
pure water.
3.2.3. GC/MS Analysis. In this study, GC/MS analysis was
carried out to determine the nature and type of compounds in
the obtained oils. The detected compounds were identiﬁed by
searching an MS library database, and the results are listed in
Table 4. However, because more than 100 peaks were detected,
only the peaks with a high degree of probability (≥80%) and
peak areas of ≳0.2% are included in the list. During the analysis,
several compounds that could be grouped as aromatics,
ketones, acids, furans, and phenols were detected in the oils
obtained from the catalytic conversion.
Many of the compounds identiﬁed in the oils were phenols
and aromatics. The results in Figure 6a shows that the oil
obtained using HZSM-5/70 at a temperature of 505 °C yielded
the highest area of phenols (more than 70%), of which most
was phenol (29.42%). For HZSM-5/50 catalyst, the highest
area of phenols was observed for a temperature of 405 °C, and
the main contribution, 21.79%, was due to phenol (see Table
4). According to the literature, the levels of phenols were found
to be higher in pyrolysis oil from biomass. Lim and Andreśen46
performed a study on the composition of chemical compounds
in pyrolysis oil produced from empty fruit bunches using GC/
MS, and the results showed that the most abundant compound
detected was phenols. Duman et al.47 also supported this
ﬁnding in their study of the two-step pyrolysis of saﬄower oil
cake.
As seen in Figure 6a, aromatics were found to be the second
most dominant species in all of the obtained oils. However, a
high percentage area of aromatics was observed only for the
HZSM-5/50 catalyst, ranging from 21.62% to 53.25%. The
greatest proportion of aromatics in the oils was mostly derived
from indene, benzene, and naphthalene (see Table 4). The
formation of these compounds was also observed in the study
of catalyst evaluation for catalytic biomass pyrolysis that was
conducted by Samolada et al.27 Moreover, it was clearly
observed that the increase in process temperature caused the
Table 4. continued
identified compounds (%)
HZSM-5/50 HZSM-5/70
compound feed 405 455 505 555 405 455 505 555
Phenols
phenol 47.53 21.79 7.81 10.72 11.18 33.5 33.71 35.23 29.42
phenol, 2,3,5-trimethyl- 1.79
phenol, 3,4,5-trimethyl- 0.82
phenol, 2,6-dimethoxy- 11.24 4.57 9.99 10.68 9.55 6.68
phenol, 2,5-dimethyl- 7.90
phenol, 2-methoxy- 5.24 10.45 9.05 9.33 10.61 3.18
phenol, 2-methoxy-4-methyl- 5.45 8.10 6.3 6.30 7.63 7.59
phenol, 3-methoxy-2-methyl- 0.32 0.54
phenol, 3,4-dimethyl- 1.59 0.72 0.69
phenol, 3,5-dimethyl- 0.46 3.17
phenol, 2-ethyl-5-methyl- 0.68
phenol, 3-ethyl- 0.47 2.19 4.77 6.4 0.39 0.38 0.89
phenol, 3-ethyl-5-methyl- 3.94 2.72 1.96
phenol, 2-methyl- 7.82 6.47 6.37 0.51 7.67
phenol, 3-methyl- 5.93 9.78 9.78 11.47 1.78
phenol, 2-(1-methylethyl)-, methylcarbamate 1.37
phenol, 3,5-dimethyl-, methylcarbamate 4.83
phenol, 4-ethyl-2-methoxy- 3.18 4.3 4.17 4.62 3.05
phenol, 4-methyl- 1.62 3.89 5.03 8.83
eugenol 0.50
vanillin 0.20 0.22 0.46 0.36
1,2-benzenediol 0.77 0.23 1.25 2.20
1,2-benzenediol, 3-methyl- 0.83
Esters
acetic acid, phenyl ester 0.20
Sugars
D-allose 2.51
β-D-glucopyranose, 1,6-anhydro- 0.73
total (%) 86.69 77.59 84.24 89.88 96.07 77.68 74.34 80.29 84.12
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increment of aromatic compounds, particularly for naphthalene.
Mathews et al. concluded that the use of HZSM-5 catalyst in
the pyrolysis of biomass yielded an abundance of naphthalene
and that it occurred most eﬀectively when the temperature was
increased from 450 to 650 °C.48
In this study, phenols and aromatics were conﬁrmed as the
compounds with the highest concentrations in the oils, whereas
the concentrations of ketones, acids, furans, and esters were
found to be low. Among these, ketones had a slightly higher
concentration in the oil obtained from catalytic cracking with
the HZSM-5/70 catalyst. As can be seen in Table 4, the highest
concentration of ketones was around 2.42% for a temperature
of 555 °C, whereas no ketones were found in the oil obtained
from the HZSM-5/50 catalyst at the same temperature. This
result is in agreement with the results from FTIR analysis,
where no peaks were found between 1650 and 1850 cm−1 for
the oil obtained from the HZSM-5/50 catalyst at a temperature
of 555 °C (see Figure 5a). Ketones come from pyrolysis of
hemicellulose,49 and their presence makes the oil hydrophilic
and highly hydrated, which also creates diﬃculties in
eliminating water from the bio-oil.50 Clearly, Figure 3
conﬁrmed this ﬁnding, where the oil obtained from the
Figure 6. Distribution of chemical classes in the produced oils after catalytic conversion according to their (a) area percentages and (b) numbers of
compounds identiﬁed.
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HZSM-5/70 catalyst was still at the bottom layer and the color
of the water was still yellowish.
Figure 6b presents an overview of the proportion of each
group of compounds in terms of the number of compounds.
The use of HZSM-5/50 catalyst resulted in high numbers of
aromatic compounds. Increasing the temperature from 405 to
555 °C also had a signiﬁcant eﬀect in increasing the number of
aromatic compounds. Sixteen compounds of aromatics were
obtained at 405 °C, whereas 22 compounds were detected at
555 °C. Furthermore, the oils obtained from catalytic cracking
using HZSM-5/70 yielded more phenol compounds. Temper-
atures of 405, 505, and 555 °C yielded 11 compounds, whereas
a temperature of 455 °C yielded 10 diﬀerent compounds of
phenols. Aromatics were found to vary depending on
temperature: 2 compounds at a temperature of 405 °C, 3
compounds at a temperature of 455 °C, 4 compounds at a
temperature of 505 °C, and 10 compounds at a temperature of
555 °C.
3.2.4. Elemental Analysis. Table 5 reports the results of
elemental analysis of the aqueous phase from the catalytic
cracking of pyrolysis oil using the HZSM-5/50 and HZSM-5/
70 catalysts. The main purpose of catalytic cracking is to
remove the oxygenated compounds in the aqueous phase,
which has the eﬀect of increasing the hydrocarbon products.
From Table 5, it can be seen that more than 48.12 wt % of the
oxygen content in the aqueous phase was eliminated by the
cracking process using the HZSM-5/50 catalyst. The oxygen
content was continuously decreased until about 11.60 wt % at
the highest pyrolysis temperature (555 °C). A similar tendency
was also seen in catalytic cracking using the HZSM-5/70
catalyst. However, the lowest oxygen content obtained was
about 34.05 wt % at a temperature of 555 °C. Thus, the HZSM-
5/50 catalyst was found to be more eﬀective in removing the
oxygen from the aqueous phase of pyrolysis oil than the
HZSM-5/70 catalyst.
The carbon contents of the oils obtained using the HZSM-5/
50 or HZSM-5/70 catalysts were much higher (above 47 wt %)
than that of the aqueous phase of the pyrolysis oil, as shown in
Table 1. The hydrogen content in the oils produced using
HZSM-5/50 was about 9.35−10.05 wt % over a temperature
range of 405−555 °C, whereas in the oils produced using
HZSM-5/70, it was about 8.49−9.30 wt %. In addition, the
nitrogen and sulfur contents were found to be low for all of the
oils obtained.
Evaluation of the H/C and O/C atomic ratios is important if
the oil is to be used as a fuel. Generally, an increase in the H/C
ratio results in higher-value products such as gasoline,51 and
vice versa with an increase in the O/C ratio. Duman et al. noted
that the eﬀect of deoxygenation activity in catalytic cracking is
favorable, leading to an increase in the H/C ratio.47 Figure 7
presents the H/C and O/C atomic ratios of the produced oils
in a van Krevelen diagram. However, as can be seen in Figure 7,
an uncommon trend was observed, where a high value of the
H/C ratio resulted from the oil produced using the HZSM-5/
70 catalyst, which had a low performance of deoxygenation
activity. In contrast to the behavior observed for HZSM-5/70,
an increase in the temperature of catalytic cracking using the
HZSM-5/50 catalyst caused the values of the H/C and O/C
ratios to trend downward to 1.56 and 0.11, respectively. This
low H/C ratio was caused by the occurrence of water-formation
reactions, which suggests that a catalyst that has good cracking
performance will produce a greater water yield, which will be
accompanied by a decrease in the H/C ratio. Mullen et al.52
noted that the major path of oxygen rejection from catalytic
pyrolysis is through the formation of water, which leads to
hydrogen loss and products with low H/C ratios. In addition,
some studies have recognized that a reduction of the H/C ratio
indicates an enhancement of aromatic compounds in the oil
product.53−55 This phenomenon is in agreement with the GC/
MS results presented in this article (see Figure 6a).
The higher heating value (HHV) is an important parameter
to determine the energy content of a fuel. The HHV was
estimated as a function of reaction temperature in Figure 8a by
using the elemental composition of the oil. From this ﬁgure, it
can be seen that the HHVs of the oils produced using HZSM-
5/50 ranged from 30.51 to 38.44 MJ/kg, which was
considerably higher than those for the oils produced using
the HZSM-5/70 catalyst (23.44−27.59 MJ/kg). Furthermore,
it is obvious that the HHVs of the oils increased with the
increment in reaction temperature. This result is in line with
the work published by de Miguel Mercader et al.51
The results on carbon recovery illustrated in Figure 8b
indicate that catalytic conversion with the HZSM-5 catalysts
decreased the carbon conversion of the upgraded oils. For the
HZSM-5/50 catalyst, the carbon recovery of the upgraded oil
obviously decreased from 30.32% (405 °C) to 20.10% (555
°C). This ﬁnding is consistent with those of Gan and Yuan,
who studied the eﬀect of the reaction temperature on the
Table 5. Elemental Analysis of the Produced Oils
elemental analysis (wt %)
temperature (°C) carbon hydrogen nitrogen sulfur oxygena
HZSM-5/50 Catalyst
405 62.18 9.35 0.64 0.27 27.56
455 66.20 9.57 1.08 0.26 22.89
505 74.77 9.96 0.66 0.35 14.26
555 76.87 10.05 1.12 0.36 11.60
HZSM-5/70 Catalyst
405 47.47 8.94 0.91 0.18 42.50
455 49.91 9.26 0.80 0.18 39.85
505 52.02 9.32 0.77 0.16 37.73
555 55.84 9.30 0.61 0.20 34.05
aBy diﬀerence.
Figure 7. van Krevelen diagram of the oils after catalytic conversion at
diﬀerent temperatures.
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carbon recovery of corn cob hydrothermal conversion.56 They
noted that the oil carbon recovery rate will be decreased as the
reaction temperature is increased. Further, it was also clearly
seen that the decrease of carbon recovery of upgraded oil was
also followed by a decrease of the upgraded oil yields (see
Table 3). The decrease in the percentage of carbon with
increasing temperature can be explained by the decomposition
of the oil to other products (char, tar, coke, and gas).
3.2.5. Thermogravimetric Analysis. The TGA results of the
raw aqueous phase and oils obtained after catalytic cracking at a
temperature of 555 °C are shown in Figure 9. Increasing the
temperature during TGA resulted in a reduction of the weight
of the aqueous phase by up to 74 wt % at temperatures of
around 50−150 °C. However, at the same temperature, the
weight losses of the oils after catalytic cracking were around 36
and 31 wt % for HZSM-5/50 and HZSM-5/70, respectively.
This phenomenon represents the volatilization of water and
compounds with lower boiling points such as phenanthrene, 2-
methyl-; p-xylene; benzene, 1,3-dimethyl-; o-xylene; 1-buten-3-
yne, 2-methyl-; and 2-cyclopenten-1-one. Hence, the aqueous
phase, which had the highest content of water, showed the
most signiﬁcant weight loss.
Furthermore, it can be observed that the major weight loss of
the obtained oils happened in the temperature range between
150 to 300 °C, where weight losses of about 61 and 54 wt %
were obtained using the HZSM-5/50 and HZSM-5/70
Figure 8. (a) High heating values and (b) carbon recoveries of the oils after catalytic conversion.
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catalysts, respectively. The diﬀerences in weight loss results are
because the oil produced using HZSM-5/50 contained a lot of
aromatics and phenols with lower boiling points. Some of the
compounds in the oil obtained with the HZSM-5/70 catalyst
that have high boiling points are ethanone, 1-(4-hydroxy-3,5-
dimethoxyphenyl)- (334.7 °C); anthracene (340 °C), phenol,
2-methoxy-4-methyl- (408.6 °C); and benzoic acid, 4-hydroxy-
3-methoxy- (409 °C). In addition, a small part of the weight
loss that occurred at temperatures between 500 and 800 °C was
due to combustion of the carbonaceous residue.36
4. CONCLUSIONS
This study showed that the recovery of liquid fuel from the
aqueous phase of pyrolysis oil was successfully performed using
a catalytic conversion. The study also conﬁrmed that the
temperature has a signiﬁcant eﬀect on the distribution of
product yields obtained from the catalytic conversion. A high
temperature of around 555 °C was found to be most suitable
for catalysts to perform the deoxygenation activity, which
caused an increase in the production of water and gas.
However, the use of HZSM-5/50 at 555 °C was found to be
optimal for producing high-quality liquid fuel with the lowest
water content (3.97 wt %) and the highest level of HHV (38.44
MJ/kg). The oil was also observed to have an abundant amount
of aromatic compounds. Finally, it can be concluded that the
characteristics of the oil produced using the HZSM-5/50
catalyst at 555 °C are very close to those of heavy fuel oil and
that the produced oil has the potential to be used as a transport
fuel.
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The oil produced by the pyrolysis of biomass has potential for use as a substitute for fossil fuels. However,
the oil needs to be upgraded since it contains high levels of oxygen, which causes low caloric value,
corrosion problems, and instability. Generally, upgrading the pyrolysis oil involves the addition of a
catalyst, solvent and large amount hydrogen, which can cost more than the oil itself. In this regard,
the co-pyrolysis technique offers simplicity and effectiveness in order to produce a high-grade pyrolysis
oil. Co-pyrolysis is a process which involves two or more materials as feedstock. Many studies have
shown that the use of co-pyrolysis is able to improve the characteristics of pyrolysis oil, e.g. increase
the oil yield, reduce the water content, and increase the caloric value of oil. Besides, the use of this
technique also contributed to reduce the production cost and solve some issues on waste management.
This article tried to review the co-pyrolysis process through several points of view, including the process
mechanism, feedstock, the exploration on co-pyrolysis studies, co-pyrolysis phenomena, characteristics
of byproducts, and economic assessment. Additionally, several outlooks based on studies in the literature
are also presented in this paper.
 2014 Elsevier Ltd. All rights reserved.1. Introduction
The decrease of fossil fuel resources such as coal, petroleum,
and natural gas has encouraged research to develop new
approaches to ﬁnd or invent renewable fuel. One article has pre-
dicted that the coal reserves will be available until at least 2112,
and it will be the sole fossil fuel in the world after 2042 [1]. Several
efforts are currently underway to ﬁnd alternative energy sources
and develop technologies which have high efﬁciency and are envi-
ronmentally-friendly. In this regard, most of the effort has been
contributed by research into biomass energy. During the last three
decades, more than half of the global research has been focused on
biomass as renewable energy (56%), followed by solar energy
(26%), wind power (11%), geothermal energy (5%), and hydropower
(2%) [2]. The high percentage of research into biomass energy can
be supported by the availability of biomass resources which are the
world’s largest sustainable energy source and represent approxi-
mately 220 billion dry tons of annual primary production [3].
Beside the effect of decreasing of fossil fuels, environmental
concerns also play an important role in the development of
renewable energy. The risk and reality of environmental concernshave drastically increased globally and become more apparent
during the past decade, particularly after Earth Summit ’92 [4].
Acid rain, ozone layer depletion, and global climate change are
negative effects that have resulted from the increase in environ-
mental problems which are due to the emissions of primary pollu-
tants (sulfur dioxide, oxides of nitrogen, hydrocarbons, and carbon
monoxide), and are mainly produced by fossil fuel combustion
[5,6]. To minimize environmental concerns, it is necessary to
consider controlling the pollutant emissions. The optimal use of
renewable energy resources can be an optional solution since it
signiﬁcantly contributes to decreasing the negative environmental
impacts, reducing the dependence on the use of fossil fuels, and is
followed by an increase of net employment and the creation of
export markets [2].
There are numerous alternative energy sources available world-
wide which can be used to substitute fossil fuels. It is particularly
important to consider selection of the proper alternative energy
through several factors such as the availability of the source, eco-
nomic beneﬁt, and environmental beneﬁt. In this respect, biomass
is one of the potential sources that can respond to all of the chal-
lenges of factors. Biomass is very abundant and can be easily found
in diverse forms such as agriculture residues, wood residues, ded-
icated energy crops and municipal solid waste [7]. Bildirici [8]
studied economic growth and biomass energy in the 10 selected
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biomass energy is a stimulus for economic growth and contributes
to poverty reduction in developing countries because it meets the
energy needs at all times and for all countries, without any expen-
sive conversion devices. Furthermore, the use of biomass as an
energy source has been proven to have environmental beneﬁts
since it has been determined as a carbon-neutral energy source [9].
Biomass is widely accepted as a potential source of energy and
is the only renewable energy source that can be converted into sev-
eral types of fuels, including liquid, char, and gas, which also prom-
ise ﬂexibility in production and marketing. Pyrolysis is generally
chosen as a recommended process to achieve this goal. This pro-
cess has received more attention recently because it can produce
the highest liquid yield of up to 75 wt% with conditions of moder-
ate temperature (500 C) and short hot vapor residence time
(1 s) [10,11]. Nevertheless, the yield of other products also can
be optimized by adjusting the parameters of operating conditions.
The liquid from the pyrolysis process is known as pyrolysis oil or
bio-oil, and has potential as use for fuels or feedstock for many
commodity chemicals. In terms of fuels, Bridgwater et al. [12]
noted that without an upgrading process, the oil can be directly
used in many applications including boilers, furnaces, diesel
engines, and turbines for the generation of electricity. In addition,
the greatest advantage of pyrolysis oil compared with fossil fuel is
that the use of this oil has received positive comments as a more
environmentally-friendly fuel because it contributes minimally to
the emission of greenhouse gases [13].
Despite the oil from pyrolysis being environmentally-friendly,
the fuel characteristic of it remains lower than fossil fuel, especially
with regard to combustion efﬁciency. In this case, the high compo-
sition of oxygenated compounds in pyrolysis oil is responsible for
this problem. Several researchers have reported that oil from the
pyrolysis of biomass generally contains an oxygen content of
around 35–60 wt% [11,12,14,15]. It can be identiﬁed in the form
of more than 200 different compounds in the oils, and is mostly
found as water [14]. However, the high level of oxygen in pyrolysis
oil creates a low caloric value, corrosion problems and instability
[16].
Improvement in the quality of pyrolysis oil is important to
assist and provide a solution for several challenges in its applica-
tions; therefore, efforts to eliminate the oxygen content are
becoming a priority. Many studies have been undertaken to
achieve this goal through upgrading techniques. Among them, cat-
alytic cracking and hydrodeoxygenation (HDO) are the most com-
monly used techniques. Catalytic cracking is a method that
involves the addition of a catalyst to the pyrolysis process. This
method can be divided into two options: off-line catalytic cracking
(using bio-oil as rawmaterial) and on-line catalytic cracking (using
pyrolysis vapors as rawmaterial) [17]. Zhang et al. [18] have deter-
mined that catalytic cracking is a cheaper method than HDO, but
the results do not seem promising because of high coke production
during the process (8–25 wt%) and the poor quality of the fuels
obtained. Moreover, according to Scheirs [19], there are also some
problems associated with the use of a catalyst in the pyrolysis
process:
– The catalyst is a consumable and therefore adds to the running
cost.
– The catalyst can have a short life-cycle due to poisoning/
deactivation.
– The catalyst leads to increased levels of solid residue, which
require disposal.
Furthermore, HDO is an upgrading method that is suitable for
converting low-grade pyrolysis oil into hydrocarbons [20]. This
process has received a lot of attention because of the signiﬁcantincrease in hydrocarbon fuel obtained [21]. However, the method
is complex and costly because of the complicated equipment, the
need to add catalysts, and the high-pressure requirements for the
reaction. Thus, a new approach is necessary to overcome this cost.
This is discussed further below.
Several comprehensive reviews have been published regarding
the pyrolysis of biomass for liquid production. Some review
articles have also reported the use of upgrading techniques to
improve oil quality. However, reviews on the co-pyrolysis
technique for liquid fuel production have not been found. This
paper is the ﬁrst review that aimed to explore the co-pyrolysis of
biomass for producing a high-grade pyrolysis oil. The discussion
in this review emphasizes the use of biomass waste in the co-
pyrolysis process. The use of coals, catalysts, solvents, and any
additional pressure in the process was beyond the scope of this
review for extraction and analysis. In addition, some of the relevant
discussions regarding the excellent features of co-pyrolysis are also
presented in this manuscript.2. Importance of the co-pyrolysis process
Simplicity and effectiveness are especially important in devel-
oping a technique to produce the ideal synthetic liquid fuel. In this
regard, the idea of co-pyrolysis of biomass can be an optional
technique that shows promise by meeting these two criteria. Co-
pyrolysis is a process which involves two or more different mate-
rials as a feedstock. Many studies have shown that the co-pyrolysis
of biomass has successfully improved the oil quantity and quality
without any improvement in the system process. In contrast to
catalytic cracking and HDO, co-pyrolysis has shown promise for
future application in industry because of its attractive
performance/cost ratios.
The successful key of this technique mainly lies with the syner-
gistic effect which comes from the reaction of different materials
during the process. A previous study has shown that the yield of
oil obtained from incorporating plastic was higher than that
obtained with woody biomass alone and also had a higher caloric
value, which comes from hydrocarbon polymers consisting of
parafﬁns, isoparafﬁns, oleﬁns, naphthenes and aromatics, and a
non-condensable gas with a high calorie value [22].
The idea of blending oil from biomass with oil from plastic (or
waste tire) seems impossible, and may increase operation costs.
Oil from biomass cannot be completely mixed with oil from plastic
or waste tire because of the polar nature of pyrolysis oil of biomass.
If these oils are mixed together, an unstable mixture forms, which
breaks (phase separation) after a short period of time. If pyrolysis
of biomass and plastic (or waste tire) occurs independently or sep-
arately, more energy is required and the cost for oil production will
signiﬁcantly increase. The co-pyrolysis technique is found to be
more reliable to produce homogenous pyrolysis oil than the blend-
ing oil method. The interaction of radicals during the co-pyrolysis
reaction can promote the formation of a stable pyrolysis oil that
avoids phase separation [23]. Önal et al. mentioned that several
reaction radicals during co-pyrolysis can be formed as follows: ini-
tiation, formation of secondary radicals [depolymerization, forma-
tion of monomers, favorable and unfavorable hydrogen transfer
reactions, intermolecular hydrogen transfer (formation of parafﬁn
and dienes), isomerization via vinyl groups], and termination by
disproportionation or recombination of radicals [24].
Furthermore, the main beneﬁt of using co-pyrolysis method is
the fact that the volume of waste can be reduced signiﬁcantly as
more waste is consumed as feedstock. It also has the added bene-
ﬁts of reducing the landﬁll needed, saving costs for waste treat-
ment, and solving a number of environmental problems. Since
the disposal of waste in landﬁlls is undesirable [25], this method
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for the future that will have a signiﬁcant impact on waste reduc-
tion and may enhance energy security. In addition, from an eco-
nomic point of view, co-pyrolysis has been found to be a
promising option for a biomass conversion technique to produce
pyrolysis oil. Kuppens et al. [26] investigated the economic
consequences of the synergetic effects of ﬂash co-pyrolysis. They
concluded that the use of co-pyrolysis techniques is more proﬁt-
able than pyrolysis of biomass alone and that it also has potential
for commercial development.
3. Mechanism of the co-pyrolysis process
The mechanisms of co-pyrolysis and normal pyrolysis are
almost the same. Basically, the process is performed in a closed
reactor system with moderate operating temperatures and in the
absence of oxygen. For the purposes of oil production, there are
three basic steps required for the co-pyrolysis process: preparation
of samples, co-pyrolysis, and condensation. Fig. 1 illustrates the
steps used in co-pyrolysis to produce oil. Prior to co-pyrolysis,
the samples should be dried and ground. The drying process can
be performed using the oven method (temperature at 105 C for
24 h). For industrial application, the heat demand for feedstock
drying can be covered by internal heat sources through process
integration. Researchers suggested that the byproducts char or
gas can be combusted to provide the necessary heat for endother-
mic pyrolysis and other intermediate processes, such as biomass
drying [27,28]. The main aim of the drying process is removing
the moisture content of sample. High moisture content in feed
results in the oil product having a high water content; therefore,
Bridgwater [29] suggested that the maximum moisture content
in the dried feed material should be 10%. The dried samples also
beneﬁt from the grinding process, and small biomass particles with
a size of less than 2-3 mm are needed to achieve high biomass
heating rates [29].
As can be seen from Fig. 1, there is an optional feature in the co-
pyrolysis process: inert gas. Inert gas is used to accelerate sweep-
ing vapors from the hot zone (pyrolysis zone) to the cool zone
(condenser). Short hot vapor residence times of less than 2 s are
needed to minimize secondary reactions and maximize oil yield
[29]. In application, nitrogen (N2) is an inert gas that is commonly
used since it is found to be cheap compared to others. ManyFig. 1. Co-pyrolysstudies have proven that the use of inert gases in the pyrolysis pro-
cess has an effect on liquid yield [30–33]. The proper setting of the
inert gas ﬂow rate is needed to attain maximum oil yield, while
very high ﬂow rates of inert gas actually decrease the total oil yield.
However, the use of inert gas is dependent on the type of reactor
used. The ﬂuid bed reactor, circulating ﬂuid bed reactor, and
entrained ﬂow reactor are the types which need a high ﬂow rate
of inert gas [34]. For vacuum and ablative reactors, the use of inert
gas is not compulsory. For ablative reactors, according to Bridg-
water and Peacocke, nitrogen purging and the use of any inert
gases is not required, but is included in the laboratory tests for con-
trol purposes, to ensure safety in the feeder and residence time
control in the reactor [35].
Furthermore, the pyrolysis process is also inﬂuenced by many
parameters, including the type of biomass, temperature, heating
rate, reaction time, and particle size of feed. Detailed discussions
of the effect of parameters on optimum oil yield in the pyrolysis
of biomass have been thoroughly reviewed by Akhtar and Amin
[36]. For co-pyrolysis, as a general rule, temperature can be
adjusted within the range of 400–600 C to maximize the produc-
tion of oil. In this temperature range, more than 45 wt% oil can be
produced. However, the optimum temperature required to
produce the maximum oil yield is dependent on the characteristics
of feedstock. Therefore, characterization with regard to thermo-
gravimetric analysis should be performed to obtain an overview
of the thermal behavior of material [37].
Condensation is an important step in the production of
pyrolysis oil. Without this step, only the char and gas products
can be obtained from the process. The vapors generated during
the process pass through the condensation unit to change the
physical state of matter from the gas phase into the liquid phase.
Vapor product residence time in the reactor can be controlled by
the addition of inert gas. Bridgwater [38] noted that pyrolysis
vapors can be characterized as a combination of true vapors,
micron-sized droplets and polar molecules bonded with water.
Rapid cooling of the pyrolysis vapors is required to produce a high
liquid yield. The lower vapor temperature (<400 C) leads to sec-
ondary condensation reactions and the average molecular weight
of the liquid product decreases. Thus, the temperature in pipelines
from the pyrolysis unit to the condensation unit should be main-
tained at >400 C to minimize liquid deposition; also, blockage of
the equipment and piping system should be avoided [12].is of biomass.
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parameter which is called the ratio of feedstock. According to
researchers, this parameter is very important since it has a signif-
icant effect, leading to the production of extra oil. Sharypov et al.
[39] conducted a study into co-pyrolysis of wood biomass and a
synthetic polymer mixture. Their study concluded that the most
important parameter for liquid production is the biomass/plastic
ratio in the feedstock. The same tendency was also found by Abnisa
et al., who performed a study into co-pyrolysis of palm shell and
polystyrene waste mixtures for the synthesis of liquid fuel [40].
Their study included screening three effective parameters (temper-
ature, feed ratio, and reaction time) and an optimization study
using response surface methodology. Their results showed that
the ratio of feed was the most signiﬁcant variable affecting liquid
yield production.
The type of reactor used also has a large function in the co-pyro-
lysis process. Bridgwater et al. highlighted the critical features of
successful pyrolysis reactors, which have been deﬁned as very high
heating rates, moderate temperatures, and short vapor product
residence times for liquids [12]. Several comprehensive reviews
have been published to explore the type of pyrolysis reactor for
liquid production [28,29,34,41,42]. Each reactor has known advan-
tages and disadvantages in operation and scaling. For fast pyroly-
sis, the ﬂuidized bed reactor is recommended because of its
relative ease of scalability and simple operation compared with
other reactor types. Most studies on co-pyrolysis were performed
using a ﬁxed-bed reactor [24,43–47]. Fei et al. noted that the
extent of contact between the used feedstock is an important fac-
tor to achieve the synergistic effect; therefore, the synergistic effect
is more likely to occur when pyrolysis is carried out on a ﬁxed-bed
reactor than on a ﬂuidized-bed reactor [48]. However, a new
research ﬁnding in 2014 stated that the auger reactor is more
effective for co-pyrolysis. Martinez et al. [23] performed the co-
pyrolysis of biomass and waste tires using two different reactors,
namely, the ﬁxed-bed reactor and auger reactor. The results of
their comparison study showed that the auger reactor produces
more liquid yield than the ﬁxed-bed reactor for the 90/10 of bio-
mass/waste tire blend. The experimental results from the auger
reactor also revealed a remarkable upgrade for some liquid proper-
ties, such as lower total acid number, lower density, higher pH,
higher caloriﬁc value, and lower oxygen content.
4. Feedstock for the co-pyrolysis process
A diversity of renewable energy resources can be found around
the world, including biomass energy, wind energy, solar energy
and geothermal energy. Among these, biomass is the only source
of renewable energy that can produce fuels in the form of solid,
liquid and gas, through assistance of the pyrolysis process.
Although fuels from biomass, especially wood-based biomass,
typically have a lower energy content than fossil fuels, the use of
co-pyrolysis technology is improving this condition. In this section,
the discussion only focused on the selection and availability of
feedstock which can potentially be used in the co-pyrolysis
process.
4.1. Selection of feedstock
Some types of biomass have the potential for use in the co-
pyrolysis process to improve the quality and quantity of pyrolysis
oil. In this regard, the selection of biomass wastes is becoming an
important issue requiring study. Currently, many kinds of biomass
have been successfully used as feedstock in the co-pyrolysis
process in research, which can be categorized into four groups:agricultural residues, wood residues, municipal solid wastes
(MSW) and dedicated energy crops. The list of feedstock types is
shown in Table 1. From the list it can be seen that most feedstocks
are dominated by MSW. Therefore, it can be noted that co-
pyrolysis plays an important role in MSW treatment management.
Zaman [49] studied the comparison of MSW treatment technolo-
gies using the life cycle assessment method. The author reported
that although the sanitary landﬁll has a good impact on the
environment, there are some major problems, such as photochem-
ical oxidation, global warming and acidiﬁcation, which are still not
solved. However, pyrolysis is comparatively more favorable to the
environment since it can address the global warming, acidiﬁcation,
eutrophication and eco-toxicity categories. Also, it has higher
energy recovery efﬁciency compared to other thermal
technologies.
As can be seen from Table 1, the use of biomass as a material in
co-pyrolysis studies varies widely. Among of the various sources,
plastic is one of the biomass types that is commonly used in co-
pyrolysis to produce pyrolysis oil. Plastics are largely synthetic
materials, made from an extremely inexpensive, but nonrenewable
resource, crude oil (see Fig. 2) [72]. Because of its origin, plastic
contains hydrogen and carbon; thus, it can be pyrolyzed into
hydrocarbon fuels. In plastics pyrolysis, the macromolecular struc-
tures of polymers are broken down into smaller molecules or olig-
omers and sometimes into monomeric units. Further degradation
of these subsequent molecules depends on a number of different
conditions including (and not limited to) temperature, residence
time, and the presence of catalysts and other conditions [22]. The
liquid product from pyrolysis of plastic has a competitive caloriﬁc
value compared to conventional fuels, which were around 40 MJ/
kg. Therefore, the presence of plastic in the pyrolysis of other
biomass types can make a positive contribution to the heating
value through synergy.
Another material with similar characteristics to plastics is tires.
Tires are primarily made from rubber (60–65 wt%) and carbon
black (25–35 wt%), with the rest consisting of accelerators and ﬁll-
ers, which are added during the manufacturing process. Many dif-
ferent synthetic and natural rubbers are used, e.g. styrene–
butadiene rubber, natural rubber (polyisoprene), nitrile rubber,
chloroprene rubber and polybutadiene rubber. Generally, synthetic
rubber is made by the polymerization of a variety of petroleum-
based precursors called monomers, while natural rubber comes
from the Hevea tree [73]. Pyrolysis of tires can produce the oil, char
and gas yields of 25–75 wt%, 26–49 wt%, and 5–57 wt%, respec-
tively, depend on parameter settings. According to Martínez et al.
[73], oil produced from the pyrolysis of tires can reach an energy
content of up to 44 MJ/kg. Oil containing a very low level of oxygen
has a high H/C atomic ratio (around 1.5), and consists of aliphatic
and aromatic compounds.
Petroleum is a valuable and ﬁnite natural resource. More than
70% of petroleum is used in the transportation sector [74]. When
petroleum is used as a transport fuel, this means that petroleum
is the end product; as consequence, the world may run out of
petroleum. Nevertheless, some petroleum is still stored in other
forms, such as plastics and tires. Since plastics and tires have the
same important properties as fuel, these wastes require extra
attention with respect to management. The wastes can be used fur-
ther to produce second-generation biofuels through pyrolysis.
However, not all wastes need to be converted into fuel, because a
proportion of them can be sent for recycling into new products.
In this regard, the efﬁciency of the consumption of plastic or tire
wastes for liquid fuel production should be considered. In terms
of improvements in the efﬁciency of consumption, the co-pyrolysis
process can be used as an option.
Table 1
Type of biomass used in co-pyrolysis process research to obtain liquid products.
Types of biomass Biomass
Agricultural residues Pine cone [50], corn residues (cobs and stover) [51], sugarcane bagasse [52], cattle manure [53], rice husk [54], corn stalk [55],
wheat straw, oat straw [56]
Wood residues Beech wood [39], pine wood [39], ﬁr sawdust [45]
Municipal solid wastes (include
industrial wastes)
Palm shell [40], potato skin [44], waste electrical and electronic equipment [45], polystyrene waste [40], sewage sludge [57],
wheat straw [57], legume straw [58], walnut shell [59], scrap tires [60], recycled plastic [60], hazelnut shell [61], LDPE waste
[62], olive pomace [63], polypropylene waste [64], polyethylene waste [65], PVC waste [66], carpet disposal, residues of paper,
residues of plastic/metal/drinking cartons sorting installation [37], HDPE waste [67], apricot [68], jatropha cake [69].
Dedicated energy crops Rapeseed [57], switchgrass [70], sorghum [55], willow [71]
Fig. 2. Actual production ﬂow-chart of plastics [72].
Table 3
Estimation of tire production for several countries in 2006 and 2007 [77,78].
Countries Yearly production (in thousands of units)
2006 2007
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An important criterion for selecting the proper materials as
alternative energy sources is its availability. In this context,
biomass has been found to be sufﬁcient for meeting this criterion.
Biomass can be obtained from forestry residues, agricultural resi-
dues, agro-industrial wastes, animal wastes, industrial wastes,
sewage, municipal solid wastes, and food processing wastes; thus,
as consequence, the total accumulation of biomass will always be
high. Each country has different sources of biomass depending on
a number of factors such as geographical conditions, population
levels, economic development, agricultural development, forest
development, industrial growth, food demand and lifestyle. This
means that all of the countries in the world have the same oppor-
tunities with regard to the co-pyrolysis process for the production
of liquid fuel from biomass.
Furthermore, the availability of plastics as a feedstock is con-
ﬁrmed as being sufﬁcient for the future sustainability of pyrolysis
oil production. Plastics are globally available in an abundance. A
report released by PlasticsEurope (Association of Plastics Manufac-
tures) mentioned that the global plastics production has increased
every year since 1950 [76]. The total global plastics production has
grown from around 1.7 million tons (MT) in 1950 to 265 MT in
2010. An estimation of the global plastic production in 2009 and
2010 is shown in Table 2. However, the high production of plastics
has a linear relationship with increased end-of-life plastic. In 2009,
around 43.6% of total plastic production was considered waste in
Europe and the amount was increased by around 3% in the nextTable 2
Estimation of the global plastic production in 2009 and 2010 [75,76].
Countries Yearly production (MT)
2009 2010
China 34.50 62.28
Europe 55.20 56.98
NAFTA 52.90 54.33
Rest of Asia 37.95 39.75
Middle East and Africa 18.40 17.23
Latin America 9.20 13.25
Japan 12.65 13.25
CIS 6.90 7.95year. Thus, there is room for further use of this material in order
to minimize the disposal of valuable plastics in landﬁlls.
Around 1.5 billion tires are produced worldwide every year,
which will eventually be categorized or interpreted as waste tires
[79]. An overview of tire production for several countries in 2006
and 2007 is shown in Table 3. Waste tires are known to have a sig-
niﬁcant impact on increasing the urban waste stream and it will
become a major threat to the environment. Approximately 64%
of waste tires are sent to landﬁll or illegally dumped or stockpiled,
with only 13% of them being recycled [80]. In landﬁlls, waste tires
are not easily degraded, but tend to ﬂoat to the top over time due
to trapped gases, thus breaking landﬁll covers. The incineration of
waste tires requires the expensive control system of air emissions
because this process produces toxic gases, which contain carcino-
genic and mutagenic chemicals. Special treatment and attention
are needed to tackle waste tires, and pyrolysis has been found to
be a technically feasible way to treat tires and recover valuable
products.
Wastes of plastics and tires are considered to be potential
sources to use as a co-feed in co-pyrolysis to produce liquid fuel.
As well as those materials having high energy content, the sourcesChina 274,230 336,700
U.S 200,281 195,000
Japan 175,916 176,207
South Korea 81,508 85,853
Germany 75,342 75,218
France 59,000 61,300
Brazil 42,216 Not available
Indonesia 41,300 44,300
Russia 40,417 42,330
India 32,880 33,695
Canada 30,216 33,303
Italy 32,017 31,140
Poland 28,931 30,747
Thailand 26,931 Not available
Turkey 23,905 25,795
Romania 14,761 16,600
Malaysia 11,560 13,420
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countries around the world. Pyrolysis of the blends of those mate-
rials with other biomass wastes will encourage the creation of
innovative new concepts in waste management, energy security
enhancement, and environmental concerns. Therefore, it is impor-
tant to note that development of the co-pyrolysis process to
produce liquid fuel may be applicable in most countries.5. Exploration of co-pyrolysis studies
The exploration of co-pyrolysis studies is necessary in order to
generate ideas with regard to producing high-grade pyrolysis oil.
For this reason, many efforts have been made by researchers to
explore this technique, and have revealed many interesting ﬁnd-
ings. An overview of studies of the co-pyrolysis of biomass wastes
with emphasis on pyrolysis oil production is described below.5.1. Use of plastics in co-pyrolysis
Most co-pyrolysis studies have selected plastics as one of the
co-feeds, with the aim of improving the oil yield in terms of quality
and quantity. The summaries of studies on co-pyrolysis of biomass
mixed with plastics to produce pyrolysis oil are shown in Table 4.
All of the experiments listed in Table 4 were performed without
any catalysts, solvents or additional pressure. Abnisa et al. [46]
investigated the co-pyrolysis of palm shell and polystyrene (PS)
to obtain a high-grade pyrolysis oil. Palm shell is well known as
a waste generated from the palm oil mill industry, and is available
in huge amounts in Malaysia; around 5.2 MT were produced in
2009. Furthermore, over 280,000 Tons of waste PS is produced
annually in Malaysia, most of which is contributed by food packag-
ers. The experimental results showed that by adding the same
weight ratio of PS in the pyrolysis of palm shell, the yield of oil
increased to about 61.63 wt%, while the pyrolysis of palm shell
alone only yielded oil at a level of about 46.13 wt%. The high yield
of oil was obtained with a process temperature of 500 C, a heating
rate of 10 C/min, a reaction time of 60 min, an N2 ﬂow rate of 2 L/
min. Moreover, the quality of oil was improved when PS was
involved in the pyrolysis of palm shell. For the pyrolysis of palm
shell alone, a high heating value (HHV) of oil product was obtained,
of about 11.94 MJ/kg. However, pyrolysis of palm shell mixed withTable 4
Summaries of studies on co-pyrolysis of biomass mixed with plastics.
Ref. Type of materials T
(C)
Liquid yield (w
Biomass Type of plastics Biomass
alone
M
w
[46] Palm shell PS 500 46.13 6
[50] Pine cone LDPE 500 47.5 6
PP 500 6
PS 500 6
[71] Willow PHB 450 49.71 6
[82] Willow PLA 450 48.85 5
[44] Potato skin HDPE 500 23.00 3
[45] Fir sawdust Waste electrical and electronic
equipment
500 46.30 6
[47] Wood chip Block polypropylene 500 39.30 6
[83] Pine residue Plastic waste contained: 56% PE, 17%
PS and 27% PP
400 32.00 5
[84] Cellulose PS 500 45.50 5
[85] Pinewood
sawdust
PS 450 46.00 6
[81] Willow Biopearls 450 50.10 5
Solanyl 5
Potato starch 5PS raised the HHV of oil up to 38.01 MJ/kg. Lastly, the authors con-
cluded that the use of palm shell and PS wastes for the recovery of
liquid fuel by co-pyrolysis is the key to overcoming environmental
problems stemming from the high volume of palm shell waste gen-
erated by the palm oil industry; also, it can be noted that this is an
optional solution to increasing energy security in Malaysia.
Brebu et al. [50] explored the co-pyrolysis of pine cone with
synthetic polymers. The polymers used included low density poly-
ethylene (LDPE), polypropylene (PP), and PS. In their study, pine
cones were obtained from a forest in Izmir (Turkey), while com-
mercial polymers of LDPE, PP, and PS were selected which were
free from any stabilizers, ﬁllers and pigments. The pyrolysis tem-
perature was 500 C with a heating rate of 10 C/min. Liquid was
found to be the main product of the experiment and yields varied
from 47.5 to 69.7 wt%. The lowest liquid yield was obtained from
the pyrolysis of pine cone (47.5 wt%). However, by mixing the pine
cone and polymers in the same weight ratio, the liquid yield obvi-
ously increased. Furthermore, Brebu et al. also reported that the
energy contents of oils from the pyrolysis of mixed materials were
higher than those produced by the pyrolysis of pine cone alone.
The utilization of biopolymers in co-pyrolysis has also attracted
the attention of some researchers. Cornellissen et al. have per-
formed several studies regarding the use of biopolymers in co-
pyrolysis to produce liquid fuel. Several biopolymers that have
been tested include polylactic acid (PLA), corn starch, poly-
hydroxybutyrate (PHB), biopearls, eastar, solanyl and potato starch
[71,81,82]. Willow was selected as a representative biomass in
their study. The process was performed in a semi-continuous
home-built pyrolysis reactor, ﬂushed with nitrogen gas, and the
temperature was set around 450 C (723 K). They found that the
ﬂash co-pyrolysis of willow/biopolymers blends generally results
in improved pyrolysis characteristics: a synergetic increase in
pyrolysis yield, a synergetic reduction of the water content in oil
yield, an increase in heating value, and the production of easily
separable chemicals. Among them, PHB was found to be the bio-
polymer with the most potential for use in co-pyrolysis since it
can produce the highest oil yield and has the highest heating value.
Some interesting observations can be made from the data
obtained, which are presented in Table 4. The presence of plastics
in the pyrolysis of biomass has clearly improved the liquid yield.
The pyrolysis of mixtures of biomass and plastics is able to produce
extra liquid, typically between 1.42 and 22.2 wt%. This ﬁnding wast%) Caloriﬁc Value (MJ/kg)
ixture materials (1:1
eight ratio)
Extra
yield
Biomass
alone
Mixture materials (1:1
weight ratio)
1.63 15.5 HHV = 11.94 HHV = 38.01
3.9 16.4 GCV = n.d GCV = 46.33
4.1 16.6 GCV = 45.58
9.7 22.2 GCV = 46.43
4.24 14.53 HHV = 16.10 HHV = 20.22
1.30 2.45 HHV = 16.13 HHV = 18.49
9.00 16.00 HHV = 32.00 HHV = 45.61
2.30 16 Not
reported
Not reported
3.10 23.80 HHV = 19.90 HHV = 45.00
3.00 21 HHV = 20.00 HHV = 45.00
8.80 13.3 Not
reported
Not reported
7.00 21 Not
reported
Not reported
2.79 2.69 HHV = 16.10 HHV = 19.10
9.24 9.14 HHV = 15.70
1.52 1.42 HHV = 19.20
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increase in the yield of liquid products through co-pyrolysis may
vary in the range of 2–23 wt% [86]. At the same time, the energy
content of the liquid, represented by the caloriﬁc value, showed a
signiﬁcant increase. Based on the data in Table 4, all types of
plastics are known to improve the caloriﬁc value of the liquid
product. However, the concentration of energy produced from
the co-pyrolysis of biopolymers was found to be lower compared
to the oil produced from synthetic plastics.5.2. Use of waste tires in co-pyrolysis
There is growing interest among researchers in the use of waste
tires as a fuel source through the process of pyrolysis. As a research
output, several comprehensive reviews on various aspects of waste
tires pyrolysis for liquid production have been published in 2013
[73,79,80]. In co-pyrolysis, many studies of pyrolysis of waste tires
mixed with other materials have been carried out. However,
studies which focused on the pyrolysis of waste tire/wood-based
biomass blends are currently still limited. Therefore, some effort
should be made to examine the existence of synergistic effects
when employing various pyrolysis conditions for the pyrolysis of
waste tire/biomass. Several studies which involved waste tires in
the co-pyrolysis process are summarized in Table 5. All of the data
summarized in Table 5 were collected from experiments without
using catalysts and solvents or any additional pressure.
As can be seen from Table 5, the studies have been classiﬁed
into two categories: co-pyrolysis of waste tires with wood-based
biomass and co-pyrolysis of waste tires with waste oils. In studies
of the co-pyrolysis of waste tires with wood-based biomass, the
addition of waste tires was used with the aim of obtaining extra
oil. From the studies performed by Alias et al. [87] and Cao et al.
[43], it is indicated that the presence of waste tires in the pyrolysis
of biomass signiﬁcantly contributes to the increased oil yield.
Furthermore, as tire mass is increased in the pyrolysis of biomass,
the caloriﬁc value of the oil obviously increases. Therefore, co-
pyrolysis overcomes a defect of the low caloriﬁc value of the oil
derived from the pyrolysis of biomass alone.
The second classiﬁcation in Table 5 is the co-pyrolysis of waste
tires with waste oils. For this classiﬁcation, waste oils were used to
improve the quantity and quality of pyrolysis oil from waste tires.
This approach is economical and has great potential as an eco-
friendly option. Waste oils such as waste lubricant oil, bilge water
oil and oily sludge can be categorized as hazardous waste, since
these pose an environmental hazard due to both their metal con-
tent and the presence of other contaminants. Thus, a proper option
to manage waste should be considered, and co-pyrolysis has been
suggested as an alternative technology for conversion of these
kinds of waste materials for energy recovery and environmental
protection. Önenç et al. [88] studied co-pyrolysis of scrap tires with
oily wastes and concluded that co-pyrolysis of scrap tires with oily
waste could be an environmentally friendly method for the
transformation of hazardous waste into valuable products such
as chemicals or fuels.6. Synergistic effects on co-pyrolysis
A synergistic effect is the main factor responsible for all
improvements in oil quality and quantity. This phenomenon has
been considered an interesting area to be researched by a number
of groups. Generally, the research is focused on the study of syner-
gistic effects or the interactive effects between the feedstock used.
Some common ﬁndings in co-pyrolysis studies are discussed in this
section.6.1. Mechanism of synergistic effects
Synergistic effects can be achieved through radical interactions
during the co-pyrolysis reaction. According to Johannes et al. [91],
data on the so-called positive or negative synergy depend on the
type and contact of components, pyrolysis duration, temperature
and heating rate, removal or equilibrium of volatiles formed, and
addition of solvents, catalysts, and hydrogen-donors. Among these
factors, the types of blending feedstock are a major factor that can
signiﬁcantly inﬂuence the synergistic effects; thus, synergistic
effects on co-pyrolysis can be complicatedly varied [48].
Liu et al. [45] performed a series of co-pyrolysis experiments at
773 K by varying the blending ratio of the biomass and waste elec-
trical and electronic equipment (WEEE). Fir sawdust was selected
as a representative biomass. The authors concluded that a signiﬁ-
cant increase in the pyrolysis oil yield can be indicated as the
occurrence of synergistic effects during the co-pyrolysis process.
Subsequently, the authors reported the existence of some mecha-
nisms of synergistic effects, which were clearly observed in their
study. One of the mechanisms explained was about hydrogen
donors. The biomass has a higher H/C molar ratio than WEEE,
and the relatively high hydrogen content in biomass can act as a
hydrogen donor to WEEE during co-pyrolysis. A similar ﬁnding
was also reported by Zhang et al. [92]. Water, one of the major
components in biomass pyrolysis, is also expected to act as a reac-
tive compound to promote further cracking of the WEEE tar to pro-
duce more volatile compounds, thereby increasing the pyrolysis oil
yields.
Furthermore, some researchers contend that knowledge of the
synergistic effects remains poor. Zhou et al. [93] commented that
the mechanism of the synergistic effect between biomass and plas-
tic during co-pyrolysis is unclear. This opinion was also supported
by Wang and Li [94]. Biomass and plastic have different decompo-
sition mechanisms in the thermal pyrolysis process. The pyrolysis
of biomass involves a series of exothermic and endothermic
reactions [95], whereas the thermal pyrolysis of plastic occurs by
a radical mechanism (initiation, propagation, and termination)
[24]. Jakab et al. opined that biomass has lower thermal stability
than plastics, which can affect their radical degradation mecha-
nism by promoting the degradation of synthetic macromolecules
[96,97]. Sun et al. [98] studied the co-pyrolysis of poplar wood
and high density polyethylene (HDPE) in a micro-scale reactor
using pyrolysis-gas chromatography/mass spectrometry. Their
results explained that free radicals are formed from biomass pyro-
lysis and participate in reactions of plastic decomposition, yielding
more light parafﬁns, because of the lower temperature of biomass
component decomposition compared with that of polyoleﬁns.
Moreover, Önal et al. [24] described that the synergistic effect in
co-pyrolysis is complex because of various chemical species.
According to the authors, several reaction radicals can be induced
during co-pyrolysis of HDPE and biomass, including initiation, for-
mation of secondary radicals [depolymerization, formation of
monomers, favorable and unfavorable hydrogen transfer reactions,
intermolecular hydrogen transfer (formation of parafﬁn and
dienes), and isomerization via vinyl groups], and termination by
disproportionation or recombination of radicals.
Wang and Li [94] investigated the synergistic interaction poten-
tial in the devolatilization characteristics of polylactic acid (PLA)
and biomass mixtures during co-pyrolysis. The authors stated that
some possible general reactions can be proposed, such as: (1) the
decomposition of lignin and/or hemicellulose results in volatiles
that react with PLA, which can then additionally react with
cellulose; (2) the decomposition of biomass and PLA occurs simul-
taneously, resulting in interactions during the decomposition of
biomass and PLA and/or interactions between volatiles after
decomposition of biomass and PLA and/or interactions between
Table 5
Several studies of the use of waste tires in co-pyrolysis.
Classiﬁcation Ref. Materials description System conﬁguration and operation
conditions
Relevant results and observations
Co-pyrolysis of
waste tires
with wood-
based
biomass
[87] Waste tires without wire steel were mixed with
empty fruit bunches with a ratio of 1:1
The experiment was performed using a
ﬁxed bed reactor. Co-pyrolysis was carried
out under a nitrogen atmosphere at a
temperature of 500 C. Pyrolysis oils were
collected in an ice/water condenser
The products of liquid, char, and gas were
obtained at levels of 42.80 wt%, 33.20 wt%,
and 24.00 wt%, respectively. The liquid
product was signiﬁcantly decreased when
the empty fruit bunches were pyrolyzed
alone without being mixed with waste tires
[43] Tire powder with a particle size less than 165 lm
mixed with sawdust powder (198–350 lm). The
ratios of tire to sawdust in the feed were varied
at 0:100, 40:60, 60:40, and 100
Feedstock of 100 g was put into the ﬁxed-
bed pyrolysis reactor. Before heating the
reactors, they were ﬁrst blown for 30 min
with nitrogen. The reactor was heated to
the designated temperature of 500 C at
20 C/min and held at that temperature for
a minimum of 3.5 h
The liquid yield reached 45.0 wt%, 46.2 wt%,
47.0 wt% and 47.2 wt% when tires mass
occupied 0%, 40%, 60% and 100% in the
mixture, respectively. The liquid derived
from pyrolysis of sawdust alone had a HHV
of 28.51 MJ/kg, while the value was
increased to 42.44 MJ/kg when tire mass
accounted for 60% of the mixture
[23] Pine woodchips (15 mm) containing bark and
waste tires (5 mm) were used for the
experiments
Two reactors with different scales were
used in this study. The ﬁrst part of the co-
pyrolysis experiment was carried out in a
ﬁxed bed reactor (74 cm length and 1.6 cm
internal diameter). The reactor was heated
externally at temperature of 500 C with a
heating rate of 80 C/min. The reaction time
was set to 15 min. Different feedstock
mixtures on mass basis were studied in the
ﬁxed bed reactor: 100% biomass (100/0);
90% biomass and 10% waste tires (90/10);
80% biomass and 20% waste tires (80/20)
and 100% waste tires (0/100)
The results from the ﬁrst part of the
experiment showed that the pyrolysis of
biomass alone yielded around 50.0 wt% oil,
whereas the pyrolysis of tire only resulted
in about 47.6 wt% oil. Remarkably, no
increase in liquid yield was observed in the
pyrolysis of mixtures of pine woodchips
and waste tires
The auger reactor with a pilot plant scale
was used for second part of the co-pyrolysis
experiment. Experiments were set at 500 C
using nitrogen as a carrier gas at 5 l/min
and a mass ﬂow rate of 5 kg/h. The
residence time of the feedstock inside the
reactor was ﬁxed at 5 min
For the second experiment, the liquid yield
was 52 wt% for the pyrolysis of pine
woodchips. An increase in the liquid yield
was found for the 90/10 blend (56.0 wt%),
which was obviously higher than that for
the liquid yield obtained from a ﬁxed bed
reactor (48.5 wt% for the 90/10 blend)
The authors noted that the lowest caloriﬁc
value was obtained for pyrolysis of the
biomass, while the highest was obtained for
the pyrolysis of tires. In addition, all
caloriﬁc oils increased with an increased
waste tire ratio in the blend
Co-pyrolysis of
waste tires
with waste
oils
[89] Two different types of scrap tires, passenger car
tire (PCT) and truck tire (TT), were mixed with
waste lubricant oil (WLO). Both tires were
ground to the desired particle size of 1.5–
2.0 mm. The scrap tires contained no steel thread
or textile netting. Each tire was mixed with an
equal ratio of WLO
Co-pyrolysis experiments were carried out
in a ﬁxed bed reactor and under nitrogen
atmosphere at temperatures of 550, 650
and 800 C. The reactor was purged before
experiments using a nitrogen gas ﬂow of
25 ml/min for 10 min to remove any air
inside. Liquid products were condensed in
the ﬁrst two traps by cooling with an ice
bath
The addition of WLO in the pyrolysis of
scrap tires is aimed at obtaining extra oil.
The results showed that co-pyrolysis with
WLO produced more oil than pyrolysis of
tires alone. Co-pyrolysis of PCT with WLO
produced liquid about 67 wt%, while co-
pyrolysis of TT with WLO produced a higher
liquid yield of about 72 wt%. An increase in
the co-pyrolysis temperature had no effect
on the oil quantity. The caloriﬁc values for
co-pyrolysis oils were slightly higher than
those of pyrolysis oils and close to those
obtained for commercial diesel
[90] Scrap tire (ST) with a particle size of less than
2 mm was mixed with oily wastes, including
bilge water oil (BW) and oily sludge (OS). The
ratios of ST:BW and ST:OS were ﬁxed at 1:1
The pyrolysis experiments were carried out
in a ﬁxed bed design and stainless steel
reactor (L; 210 mm; Ø; 60 mm) under
atmospheric pressure using a semi-batch
operation. The co-pyrolysis experiment was
performed at 500 C
The pyrolysis of scrap tires at a temperature
of 500 C produced an oil yield of 44.1 wt%.
The increase in oil yield from co-pyrolysis
processes of ST:BW and ST:OS was found to
be 64.8 and 62.4 wt%, respectively. The
HHV of pyrolysis oils was obtained about
43.8, 44.8 and 44.9 MJ/kg for pyrolysis of
ST, co-pyrolysis of ST:BW, and co-pyrolysis
of ST:OS, respectively
[88] Scrap tire (ST) samples were shredded, crumbed
and sieved from the sidewall rubber of scrap
tires to produce a size of 1.5–2.0 mm. The scrap
tires contained no steel thread or textile netting.
The average rubber composition of the scrap
tires was 35 wt% natural rubber and 65 wt%
butadiene rubber. Bilge water oil (BW) and oily
sludge (OS) were selected as the oily wastes
A glass reactor with an internal diameter of
30 mm and a total length of 350 mm was
used in semi-batch operation under self-
generated pressure. Pyrolysis was
performed at 400 and 500 C on individual
BW, OS and ST and at 500 C on a ternary
mixture with a BW:OS:ST weight ratio of
1:1:2
All experiments from pyrolysis of the
individual components showed that the
maximum oil yields were achieved at
500 C. At 500 C, the oils were obtained at
levels of about 77.5, 71.3 and 39 wt% for the
pyrolysis of BW, OS and ST, respectively.
The oil yield of co-pyrolysis (BW:OS:ST
mixture of 1:1:2) was around 50.5 wt%.
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Fig. 3. The deﬁnitive trend of biomass composition in producing oil via the
pyrolysis process.
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decomposition product of the biomass may be the main cause for
the changes in PLA degradation processes.
6.2. Increase in oil yield
As can be seen from Tables 4 and 5, the co-pyrolysis process has
a tendency to increase the oil yield. Although there are many fac-
tors that might contribute to increase the oil yield, the nature of
biomass is a fundamental factor that determines this. The amount
of liquid can be easily predicted (low or high) when the composi-
tion of biomass has been measured. The composition of biomass is
generally reported in terms of its proximate analysis. Proximate
analysis is a method which measures the content of four separately
identiﬁable constituents in a biomass: volatile matter, ﬁxed car-
bon, moisture content, and ash content [99]. Initially, the analysis
is addressed toward coals characterization, and then developed to
characterize the biomass sample. In pyrolysis, volatile matter and
ash content are the main factors that have an effect on liquid yield
production. Numerous researchers have recognized that the
presence of volatiles favors the production of a large amount of
pyrolysis oil. Asadullah et al. [100] noted that volatile matter is
usually converted to bio-oil upon condensation. Omar et al. [101]
found that a high volatile content provides the advantages of high
volatility and reactivity, which are favorable for liquid fuel
production. Ash also plays an important role in determining the
proportions of the liquid product of biomass pyrolysis. However,
the high ash content (alkali metals) contributes to a decrease in
the oil yield, and, as consequence, the char and non-condensable
gases are produced in higher yields [41,102]. Therefore, it can be
highlighted that biomass with a low ash fraction favors high oil
yields, and a high fraction of volatiles favors a higher oil yield.
For wood-based biomass, the result of proximate analysis is
highly dependent on lignocellulosic contents. Lignocellulosic com-
pounds include cellulose, hemicellulose, and lignin as primary
components, and are generally contained in wood-based biomass.
Different types of wood-based biomass have different percentages
of lignocellulosic components. Among them, cellulose and hemi-
celluloses are components which play an important role in gener-
ating volatile matter. According to Qu et al. [103], cellulose is more
volatile than hemicellulose. Therefore, wood-based biomass with
has a high amount of cellulose is potentially able to generate high
volatile matter, which leads to an increase in oil yield. Lignin,
which is composed of aromatic rings with various branches,
decomposes over a wide range of low to very high temperatures
with a very low mass loss rate. Therefore, wood-based biomass
with a higher lignin content might have a relatively higher char
yield. The effects of lignocellulose compounds on the production
of volatile matter have been widely studied by many researchers
[103–106], the results of which are depicted in Fig. 3.
The proximate analysis of plastics depends on their types.
Table 6 shows the results of proximate analyses of plastics taken
from the literature. From Table 6, it can be seen that all plastic
types have high characteristics of volatile matter, which means
that all types of plastic have the potential to produce a high liquid
yield through the process of pyrolysis. Among the types of plastic,
the value of volatile matter of more than 99.50 wt% was observed
for HDPE, LDPE, PS, and polyamide. In the study performed by
Demirbas in 2004, three types of plastic wastes (PS, PE, and PP)
were pyrolyzed, and the results showed that PS yielded the higher
liquid level (89.5 wt%) than PE and PP [115]. The same tendency
was also observed by Kiran et al., who studied the recycling of
plastic wastes via pyrolysis [116]. The oil yield obtained was about
88.8 wt% at a temperature of 600 C and a heating rate of 5 C/min.
Detailed products and components of the pyrolysis of several types
of plastics have been reviewed by Kaminsky [117].According to observations made by Martínez et al. [73], waste
tires have volatile matter and ash in the range of 57.50–
73.74 wt% and 2.40–20.10 wt%, respectively. The volatile matter
of the tire consists mainly of polymeric compounds that come from
natural rubber (NR) and synthetic rubber (SR), such as butyl rubber
and styrene-butadiene rubber. The proportion of NR and SR are
different between passenger car tires (PCT) and truck tires (TT).
Generally, the composition of SR was found to be high in PCT, while
TT was shown to have a high composition of NR. Ucar et al. [118]
performed a study to evaluate two different scrap tires as
hydrocarbon sources for pyrolysis. The results of the proximate
analysis showed that TT had a higher volatile matter than PCT,
while the ash content was found to be higher in PCT. They found
that the product distributions from the pyrolysis of PCT and TT
were quite different from each other. They also noted that the
pyrolysis of TT yielded more liquid than that of PCT.
As described earlier, volatile matter is the key to producing
pyrolysis oil. To maximize the generation of volatile matter, it is
also important to adjust the parameters controlled in the pyrolysis
process. According to Guldogan et al., temperature and heating rate
are the pyrolysis parameters which most signiﬁcantly affect the
volatile matter yield [119]. The study performed by Paethanom
and Yoshikawa showed that moderate temperature conditions
favor the generation of volatile matter [120]. They analyzed the
generation of volatile matter at three different temperatures
(600, 800 and 1000 C), and the results showed that the highest
volatile matter was obtained at 600 C, while higher pyrolysis tem-
peratures resulted in higher ﬁxed carbon contents. A similar trend
was also found by Azeez et al. [121] who studied the temperature
dependence of fast pyrolysis volatile products from European and
African biomasses. The experiment was carried out at tempera-
tures between 300 C and 700 C with an interval of 50 C. The
results revealed that most volatile products were obtained at
450 C and 500 C. Furthermore, Pan et al. [122] explained that
the faster the heating rate, the higher the volatile yield in pyrolysis.
6.3. Improvements in oil quality
Synergistic effects also signiﬁcantly inﬂuence improvements in
the quality of the oil obtained. These improvements can be clearly
seen, especially with regard to fuel properties. Generally, the oil
obtained from the pyrolysis of wood-based biomass alone has a
lower caloriﬁc value, due to the high oxygen content. However, this
can be solved by using the co-pyrolysis technique. From Tables 4
and 5, it can be seen that the oil obtained from co-pyrolysis
Table 6
Proximate analysis of plastics.
Type of plastics Plastics type marks Moisture (wt%) Fixed carbon (wt%) Volatile (wt%) Ash (wt%) Ref.
Polyethylene terephthalate (PETE) 0.46 7.77 91.75 0.02 [107]
0.61 13.17 86.83 0.00 [108]
High-density polyethylene 0.00 0.01 99.81 0.18 [109]
0.00 0.03 98.57 1.40 [108]
Polyvinyl chloride (PVC) 0.80 6.30 93.70 0.00 [110]
0.74 5.19 94.82 0.00 [108]
Low-density polyethylene 0.30 0.00 99.70 0.00 [111]
– – 99.60 0.40 [112]
Polypropylene 0.15 1.22 95.08 3.55 [113]
0.18 0.16 97.85 1.99 [108]
Polystyrene 0.25 0.12 99.63 0.00 [46]
0.30 0.20 99.50 0.00 [111]
Polyethylene (PE) 0.10 0.04 98.87 0.99 [113]
Acrylonitrile butadiene styrene (ABS) 0.00 1.12 97.88 1.01 [114]
Polyamide (PA) or Nylons 0.00 0.69 99.78 0.00 [114]
Polybutylene terephthalate (PBT) 0.16 2.88 97.12 0.00 [108]
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explained by the increased hydrocarbon content of the oil. There-
fore, observing the contents of C and H and the H/C ratio is impor-
tant, since they can signiﬁcantly control the caloriﬁc value. Önal
et al. [24] studied bio-oil production via the co-pyrolysis of almond
shell and HDPE. The authors noted that liquid products obtained
from the co-pyrolysis process had a higher energy content than
those of pyrolysis of almond shell alone. This is due to the addition
of HDPE to biomass, which increased the H/C ratio from 1.60 to
2.28. They also observed that elemental compositions of co-pyroly-
sis oils contain higher contents of C and H than pyrolysis oil of
almond shell alone. In another study, Martínez et al. [23] studied
the co-pyrolysis of pine woodchips with waste tires. The authors
reported that the C and H contents in the liquid gradually increased
with the proportion of waste tires in the feedstock, while the O
content decreased. They noted that a low heating value is the prop-
erty with the greatest change since it increased from 14.9 to 19.0
and to 25.0 MJ/kg for biomass/waste tire blends of 90/10 and 80/
20, respectively. Thus, this showed an increase of up to 27% and
70%, respectively. Although a synergetic effect is observed for both
blends, this effect is more signiﬁcant for the 80/20 blend. From this
ﬁnding, it can be concluded that the high proportion of waste tire
in biomass pyrolysis will contribute more to increasing the heating
value.
The high water content of pyrolysis oil contributes to the low
energy density; thus, for its utilization as a fuel, this content is
undesirable. The water in pyrolysis oil mainly comes from mois-
ture in the feedstock and from dehydration reactions occurring
during pyrolysis. According to Wasterhof et al. [123], drying the
feedstock to obtain very low moisture levels (approaching zero)
leads to a decrease in the water content. The authors also noted
that from a practical point of view, such dry feedstock materials
are, however, not realistic due to the high costs associated with
the dryer. In this regard, the co-pyrolysis technique was found to
be effective in controlling the water content of the oil. All wood-
based biomass is hygroscopic, meaning that when exposed to air,
it will release or pick up moisture until it is in equilibrium with
the humidity and temperature of the air; because of this, woodtends to have a high moisture content. Unlike wood, plastics and
tires do not absorb much moisture and their water contents are
far lower than the water content of wood. Therefore, the reduction
of wood proportion and the addition of plastics or tires as feed-
stock in pyrolysis will contribute to the reduction of water content.
Cornellisen et al. [82] performed research with the aim of reducing
the amount of pyrolytic water by performing ﬂash co-pyrolysis of
willow and polylactic acid. The different blends of willow/polylac-
tic acid with a w/w ratio of 10:1, 3:1, 1:1 and 1:2 were investigate
and the authors concluded that the addition of polylactic acid
clearly reduced the water content in the oil (up to 37%), which also
increased HHV (up to 27%).
Viscosity is an important property in the chemical design pro-
cess. Viscosity data are essential for various heat transfer consider-
ations, calculating pressure drop, distillation calculations and
mixing system considerations. For fuels, viscosity data are used
to evaluate the effect on pumping and injecting. From some obser-
vations of co-pyrolysis studies, the condition of oil viscosity has not
shown a deﬁnitive trend. Abnisa et al. [40] reported that liquid
from the co-pyrolysis of palm shell and PS mixtures showed higher
viscosity compared to the pyrolysis of palm shell alone. The
decomposition of inorganic material in PS may have contributed
to the higher viscosity. Cao et al. [43] found a different trend with
Abnisa et al., and reported that when tire mass was increased in
the mixture, the viscosity of the oil gradually decreased. The
authors also reported that although the oil showed a decrease in
viscosity, it was still higher than that of diesel oil 0#. There is a
simple technique that can be used to reduce the viscosity of oil.
According to Yu et al. [124], adding methanol and/or ethanol to
the pyrolysis oils reduced viscosity and slowed down the increase
in viscosity and water content during storage. Blending of
methanol or ethanol with pyrolysis oils may be a simple and
cost-effective approach to converting pyrolysis oils into a stable
gas turbine or home heating fuels.
Generally, the main compounds present in the oil produced by
the pyrolysis of wood-based biomasses are alcohols, aldehydes,
phenols, acids, esters, ketones, guaiacols, syringols and furans
[18]. Among them, phenols have been found to be dominant in
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level of phenols can contribute to increased acidity and instability
of the oil. Martínez et al. [23] stated that phenolic compounds
originate from the decomposition of lignin contained within the
biomass wood. The authors also mentioned that lignin-derived
products are mainly responsible for the high molecular weight
and viscosity of pyrolysis oils and thus, one of the aims of any
upgrading process is to remove these compounds. In this regard,
in a study of the co-pyrolysis of biomass with waste tires, Martínez
et al. proved that the percentage area of phenolic compounds was
signiﬁcantly decreased for biomass/waste tire blends; this
decrease was about 20% and 40% for the 90/10 and 80/20 blends,
respectively. Thus, they concluded that a synergic effect toward
phenolic compound removal was taking place. A similar tendency
was also found by other researchers who studied the co-pyrolysis
of palm shell and polystyrene [46]. The authors noted that the
quantity of phenol groups in the oil of mixed materials (50:50
ratio) was reduced (around 8.27%) compared to oil obtained from
the pyrolysis of palm shell alone, while compounds consisting
entirely of hydrogen and carbon were identiﬁed as abundant in
oil. However, it should be noted that there is a type of plastic which
can give a positive contribution to increase the amount of phenols.
A research study by Brebu et al. [126] identiﬁed abundant phenol
compounds in polycarbonate, which has similar characteristics to
lignin. The authors noted that the main pyrolysis products from
polycarbonate are phenol, with its derivatives at carbon numbers
C10–C14, and bisphenol, with its derivatives at C22. In brief, the
addition of polycarbonate in the pyrolysis of biomass to produce
liquid fuel is not recommended since it can contribute to increase
the phenol compounds in the oil.
The co-pyrolysis of biomass wastes has also been found to be
effective in recovering hydrocarbon-based chemicals, which pro-
mote improvement in the fuel quality. The presence of hydrocar-
bon-based chemicals has been detected by many researchers
through several types of analyses such as GCMS, FTIR, and 1H
NMR. Önal et al. [24] reported that co-pyrolysis of HDPE and
almond shell led to an increase in alkene fractions by 75% com-
pared with the results obtained for individual biomass pyrolysis.
In another study, Aboulkas et al. [127] tried to co-pyrolize HDPE
with oil shale. The authors noted that the oil obtained by co-pyro-
lysis had similar properties to commercial gasoline. In the oil
obtained from co-pyrolysis, aliphatic components were dominant.
This result was observed using two different analyses: FTIR and 1H
NMR. The research article released by Abnisa et al. [46] showed
that the hydrocarbon groups in oil from the co-pyrolysis of palm
shell and PS were mostly found in the form of aromatics and
benzene, with percentages of 39.59% and 32.99%. Cao et al. [43]
studied the behavior of co-pyrolysis feedstock between sawdust
and tire on the formation of polycyclic aromatic hydrocarbons.
The authors reported that the percentage of tire in the mixture
had a great inﬂuence on the content of polycyclic aromatic
hydrocarbons in the oil. The experiment showed that the total content
of polycyclic aromatic hydrocarbons varied from 5.78 104 g g1 to
2.2  103 g g1 when tire mass occupied 40% and 60% of the
mixture, respectively.
The oil from pyrolysis of biomass generally has lower sulfur
content at approximately 0.1 wt% [128,129]. The addition of waste
tire in the pyrolysis of biomass can increase the sulfur content in
the oil. This ﬁnding is clearly evident in the study performed by
Martinez et al. [23]. The result from ultimate analysis showed an
increment in sulfur content when tire mass occupied 10% and
20%. The sulfur content increased by around 0.2 wt% and 0.4 wt%
for the 90/10 and 80/20 blends, respectively, whereas no sulfur
was detected for pyrolysis of biomass alone. Oil with high sulfur
contents needs to be desulfurized before it can be used for combus-
tion. One of the effective techniques that can be applied to removethe sulfur content is the oxidative desulphurization technique. This
technique was found to be a very promising approach for the
reduction of sulfur content of up to 92%, which only requires low
temperature of 50 C and atmospheric pressure for its process
condition [130].7. Byproducts of the co-pyrolysis process
Furthermore, the co-pyrolysis of biomass wastes also produces
char and gas as byproducts. As reported by Bridgwater [29], the
byproduct of char from the pyrolysis of biomass is typically
obtained in yields of up to 12 wt% on a dry-feed basis, together
with gas with a proportion of around 13 wt%. Among the byprod-
ucts, gas from the pyrolysis of biomass has a lower caloriﬁc value
than natural gas or pyrolysis tire gas. However, co-pyrolysis may
also increase the caloriﬁc value. Some information about the
byproducts generated from the co-pyrolysis process is presented
below.7.1. Char
Bernardo et al. [131] studied the physico-chemical properties
of chars obtained in the co-pyrolysis of waste mixtures. The char
samples were obtained from the pyrolysis of three different
waste mixtures: plastics, pine biomass, and tire wastes. The
authors noted that the addition of tires to the waste mixture sig-
niﬁcantly increased the yield of char; otherwise, the addition of
plastic in pyrolysis of pine biomass had no effect on the increase
in char yield. The same tendency was also found by Lopez et al.
[132] in a study about the dechlorination of fuels in the pyrolysis
of polyvinyl chloride (PVC)-containing plastic wastes. The
authors stated that only a small quantity (0.6-1.3 wt%) of solid
char was obtained from the pyrolysis of plastics or mixtures of
plastics.
In addition, the quality of char from co-pyrolysis showed
improvements in the caloriﬁc value. Paradela et al. [83] noted
that the solid products obtained from the co-pyrolysis of a mix-
ture of materials (biomass and plastic wastes) had higher heating
values than some coals. A similar observation was also found in a
study of co-pyrolysis of biomass with waste tires, which was per-
formed by Martinez et al. [23]. Similarly, Brebu et al. [50]
reported that the char obtained from the pyrolysis of pine cone
alone had a lower caloriﬁc value than the chars obtained from
co-pyrolysis. This is due to the high oxygen content in the char
derived from the pyrolysis of pine cone alone. The authors noted
that the difference in the elemental composition of chars from
synthetic polymers mixed with pine cone and with cellulose
may be linked to the presence of lignin in pine cone. Furthermore,
the authors also explained that the very low sulfur content was
found in chars, making them attractive for use in incineration.
This makes these products suitable for use as fuels, e.g. in co-
combustion with coal or other wastes. Another application of char
is its use as an adsorbent in water treatment to remove heavy
metals. The chars formed from co-pyrolysis can also be poten-
tially used as adsorbents through an upgrading treatment.
Bernardo et al. [131] performed a multistep upgrading of chars
obtained from the co-pyrolysis of PE, PP and PS plastic wastes,
pine biomass and used tires. The textural and adsorption proper-
ties of the upgraded chars were evaluated and the results indicate
that the chars are mainly mesoporous and macroporous materi-
als, with adsorption capacities for methylene blue dye in the
range of 3.59–22.2 mg/g. The authors noted that the upgrading
treatments performed on the chars allowed carbonaceous materi-
als with sufﬁcient quality to be reused as precursors for
adsorbents to be obtained.
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According to Bridgwater [10], high temperatures and longer res-
idence times were found to be the best conditions to increase the
conversion of biomass to gas. Since the process parameters required
to maximize oil production are different for gas, in pyrolysis, gas is
only obtained in low quantities. Generally, the gas produced by pyro-
lysis is in the range of 13–25 wt% of the used biomass. Speciﬁcally,
Kim et al. [133] tried to observe gas production from the pyrolysis
of mixed plastics comprised of PE, PP, and PS. The results showed
that under normal temperature and pressure conditions, liquid was
the main product, with yields of around 75 wt%; gas yield was
always lower than 10 wt%. Similar to plastic waste, the pyrolysis of
tire also tends to result in a low yield of gas. William [79] tried to
summarize the data from several studies related to the pyrolysis of
waste tires, and the author found that gas can be obtained in the
range of 2.5–28.5 wt%. The author reported that a high yield of gas
was usually generated under conditions including a high reaction
temperature and a low heating rate. To understand the effect of
waste mixture composition on gas production, a study performed
by Paradela et al. [83] can be a reference. The authors reported that
the increase in biomass percentage led to an overall decrease in the
effective liquid yield, while both the solid residue and gas fraction
increased almost linearly with the biomass percentage.
The gas composition arising from the co-pyrolysis process is
dependent on the composition of the feedstock used. Generally,
the gas product released during wood pyrolysis contained CO,
CO2, H2, CH4, C2H4, C3H6, and minor amounts of other hydrocar-
bons [134]. For the pyrolysis of tires, the main gas components
were CO, CO2, H2S, H2, CH4, C2H4, C2H6, C3H6, C3H8, C4H6, C4H8,
and C4H10 [79]. Furthermore, the gas composition in plastics was
found to be different depending on the type of plastics. Williams
and Williams [135] studied the pyrolysis of six main plastics in
municipal solid waste, including HDPE, LDPE, PP, PS, PVC, and
poly-(ethylene terephthalate) (PET). The authors reported that
the main gases produced from the individual plastics were H2,
CH4, C2H6, C2H4, C3H8, C3H6, C4H10, and C4H8 and for the PET plastic
CO and CO2. The presence of hydrogen chloride was only observed
and found to be high for the pyrolysis of PVC.
The gasproduced fromthe pyrolysis process has a signiﬁcant calo-
ric value; therefore, it can be used to offset the total energy require-
ments of the pyrolysis process plant. Some of the factors that can
increase the caloriﬁc value are high concentrations of hydrogen and
other hydrocarbons. Hester and Harrison [136] reported that at con-
ditions of normal temperature (25 C) and atmospheric pressure, the
caloriﬁcvalueof gas fromwoodbiomasswas about16MJ/Nm3,while
the gas produced from the conventional pyrolysis ofmunicipal waste
had a caloriﬁc value of the order of 18 MJ/Nm3. The author also noted
that the pyrolysis of tire produced a gas with a much higher caloriﬁc
value, of about 40 MJ/Nm3, depending on the process conditions. In
the study of the co-pyrolysis of biomass and plastic waste, Paradela
et al. [83] reported on three parameters (reaction time, temperature,
and waste mixture composition) which affect the caloriﬁc value.
Firstly, the authors noted that the increased reaction time increased
the gas heating value, due to the increase in the number of alkanes
released. Then, the authors noted that the elevated reaction temper-
ature also increased the gas heating value, again due to the increased
alkane release. Lastly, the author concluded that the increased bio-
mass content in the waste mixture signiﬁcantly decreased the gas
heating value,mainly due to the decrease in hydrocarbons formation.
8. Economic feasibility assessment
Co-pyrolysis offers simplicity in design and operation, and in
many cases has successfully produced oil with a high quantity
and quality. Therefore, this technique can play a pivotal role indevelopment of the biomass energy industry. There is an important
note which showed that this technique is feasible from an eco-
nomic point of view. Kuppens et al. [26] used the net present value
(NPV) to evaluate the economics of ﬂash co-pyrolysis of 1:1 w/w
ratio blends of biomass (willow) and biopolymers (PLA, corn
starch, PHB, biopearls, eastar, solanyl, and potato starch). NPV is
the best analysis method for selecting or rejecting an investment,
either industrial or ﬁnancial [137–139]. The rule in this analysis
was that the project would be accepted if the NPV was greater than
or equal to zero, and would be rejected when the NPV was less
than zero [140]. In this regard, the study performed by Kuppens
et al. showed that ﬂash co-pyrolysis of willow with any biopolymer
was economically more interesting than ﬂash pyrolysis of pure
willow, because the NPV of co-pyrolysis resulted in positive cash
ﬂows for all types of biopolymers used. This result is supported
by some other estimations as well, including the initial investment
expenditure, the production costs, and the possible revenues. The
author also noted that the calculations in this research paper were
from a case study in Belgium, but the economic model behind the
case study can be adapted to other locations.
In addition, an economic evaluation of the co-pyrolysis process
was also studied by Shelley and El-Halwagi [141]. A techno-
economic feasibility study was performed to assess the viability
of co-liquefying scrap tires and plastic waste into liquid transpor-
tation fuels. The return on investment (ROI) approach was used
to make investment decisions; if the ROI was positive then the
investment was considered proﬁtable. The authors noted that the
co-liquefaction of waste plastic and scrap tires as well as the lique-
faction of scrap tires alone was both technically and economically
feasible. The results showed promising economics for the mixed
materials case with an ROI of approximately 18%, as compared to
only 12% for the plastics alone scenario. The author also reported
that the tipping fees obtained for the raw materials used in the
process were the key to overall proﬁtability. Similarly, it is in
agreement with another study performed in 1998 by Huffman
and Shah [142], who reported that the ROI depends on the tipping
fees received for waste plastics and tires. The high tipping fees
received will be linearly contributed to the increase in ROI.9. Discussion on co-pyrolysis scenarios
This review showed that many researchers have studied the
potency of co-pyrolysis technique using various types of biomass
wastes, and that the results are very encouraging. Different inves-
tigations were conducted to obtain oil with a high yield and high
quality, which followed the various available standards. Several
advantages can be obtained from using this technique such as
reducing the consumption of fossil fuels, solving some environ-
mental problems, increasing energy security, and improving waste
management systems. Apart from these, this technique also offers
simplicity in design and feasibility in regard to economic analysis.
There are some important factors which need to be highlighted
in the feed system of the co-pyrolysis process. To obtain a high-
grade liquid, adjustments of the types and ratios of feedstock are
essential. The suitable combination of feedstock in co-pyrolysis
can include wood-based biomass with waste plastic or wood-
based biomass with waste tire. Both options are acceptable, since
many studies have proven that these combinations can provide
improvements in the pyrolysis oil through synergistic effects.
However, it should be noted that not all plastic types can be used
in the process. PVC is not recommended as a feedstock material
because it contains about 57% chlorine by weight, which will affect
the diesel quality and can produce chlorinated hydrocarbons, and
also because it thermally decomposes to hydrochloric acid, which
is very corrosive and toxic. The presence of 1–3% PVC in the
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ride level of 5000–10000 ppm [19].
Furthermore, it is important to note that the main aim of the
addition of plastic waste or tire waste in the pyrolysis of
wood-based biomass is to improve the quantity and quality of
the oil produced. Hence, plastic or tire waste can be called the
additive material in the process. In this regard, the proportion of
additive material was designed to be less than that of the main
feedstock (wood-based biomass). Many studies have shown that
a higher ratio of additive material in the pyrolysis of wood-based
biomass can contribute to increase the oil quality. However, the
minimum use of additive material in each process of co-pyrolysis
is preferred; this is due to some considerations such as:
– The production of waste plastics or waste tires in many coun-
tries is generally found to be lower than the generation of
wood-based biomass. Thus, the limited source of additive mate-
rial is expected to be used and should be sufﬁcient for the
amount of wood-based biomass available.
– Besides being used as the additive material in co-pyrolysis,
some wastes are also needed for the recycling process. This
strategy will provide a beneﬁt of reducing the consumption of
fresh raw materials for the production new plastic or tire prod-
ucts, which leads to saving fossil fuel.
In addition, there are some studies which have used coal in the
co-pyrolysis process to produce liquid fuel, and have also showed
encouraging results. Zhang et al. [92] co-pyrolyzed legume straw
and Dayan lignite coal in a free fall reactor at temperatures from
500 to 700 C. The blending ratio of biomass in mixtures varied
between 0 and 100 wt%. The authors noted that the higher blend-
ing ratio of biomass may decrease the char yield, and consequently
the liquid yields obtained were higher. The same tendency was
also found by Aboyade et al. [51], who studied the co-pyrolysis
of coal and agricultural wastes. Moreover, the rank of coal has an
effect on the liquid yield. According to Wei et al. [58], the use of
high-rank coal in co-pyrolysis can produce a higher liquid yield
than that of low-rank coal. However, no further explanations about
oil quality were found in reports of the co-pyrolysis of biomass
wood and coal. For the co-pyrolysis of coal with waste tires, Krˇízˇ
and Brozˇová reported that the increased proportion of waste tires
in the pyrolysis of coal contributed to increase the liquid yield,
which had a relatively lower oxygen content [143]. In addition,
the type of reactor can signiﬁcantly effect the oil yield quantity
and quality. Acevedo et al. studied the pyrolysis of blends of coal
and tire wastes in a ﬁxed bed reactor and a rotary oven. The
authors found that the oil yield was always greater in the ﬁxed
bed oven than in the rotary oven. However, the oils obtained in
the rotary oven were more aromatic and contained smaller
amounts of oxygenated functional groups due to their higher
residence time in the hot zone of the reactor.
As shown in the above paragraph, the use of coal in co-pyrolysis
can be one option to produce liquid fuel. However, this option is
not a beneﬁt with regard to reducing the dependency on fossil fuel,
since coal is a part of fossil fuel. Therefore, the use of coal in the co-
pyrolysis process is not recommended.
Co-pyrolysis is a promising technique that can produce a high
grade pyrolysis oil from biomass waste. This technique also offers
several advantages on its application:
– Co-pyrolysis can be easily applied to existing plants of the pyro-
lysis of biomass.
– Low cost associated with upgrading processes from pyrolysis to
co-pyrolysis: if a plant is run for the pyrolysis of wood-based
biomass, no money needs to be invested in a special plant for
the use of waste plastics and tires.– No special equipment needs to be designed and constructed
for co-pyrolysis. Some minor modiﬁcations maybe needed, but
only for the feed preparation system.
– As a byproduct, solid fuel is sometimes poor in organic matter;
the addition of waste plastics and tires to wood-based biomass
may improve its quality.
– The quantity and quality of desired products (oil, solid, or gas)
can be easily controlled by adjusting the process parameters.
– The primary disadvantage of co-pyrolysis lies in the biomass
preparation unit. Given that this technique deals with many
types of biomass, an additional pre-treatment system is
required, which can substantially increase the cost for the
installation and operation of such units.
10. Conclusion
This review has focused on the study of co-pyrolysis techniques
to produce high grade pyrolysis oil. The studies in the literature
have been used to support the analysis and discussion in this
paper. Many researchers have recognized that the co-pyrolysis
technique can signiﬁcantly improve the quantity and quality of
pyrolysis oil without the presence of any catalysts or solvents
and free hydrogen pressure. Therefore, this technique can be con-
sidered a simple, cheap, and effective method to obtain high-grade
pyrolysis oil. Moreover, this technique also beneﬁts to increase the
caloric value of char and gas as byproducts of co-pyrolysis. As the
additive material in co-pyrolysis, the availability of plastic waste
and tire waste is plays an important role in the sustainability of
this technique. From an economic point of view, co-pyrolysis is
found to be a promising option in biomass conversion to produce
pyrolysis oil. Due to the fact that biomass wastes are easy to ﬁnd
and available in abundant amounts around the world, co-pyrolysis
has huge potential for development in many countries. In addition,
by using this method, the volume of biomass wastes can be easily
controlled. Using biomass wastes to produce pyrolysis oil could
reduce the need for landﬁlls, decrease the cost of waste treatment,
and solve some environmental problems. Furthermore, it can also
be noted that this is an optional solution to increase energy secu-
rity of the nation and reduce dependence on fossil fuels.
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This study optimized the use of biomass waste to generate fuel through co-pyrolysis. In this paper, the
effects of stepwise co-pyrolysis temperature and different ratios between palm shells and scrap tires
in feedstock were studied to observe any improvements in the quantity and quality of the liquid yield
and its byproduct. The ratio of palm shells and scrap tires varied at 100:0, 75:25, 50:50, 25:75, and
0:100. The experiment was conducted in a ﬁxed-bed reactor. The study was divided into two scenarios.
The ﬁrst scenario was performed at the optimum temperature of 500 C with a reaction time of 60 min. In
the second scenario, the temperature was set at 500 C for 60 min before the temperature was increased
to 800 C with a high heating rate. After the temperature reached 800 C, the condition was maintained
for approximately 45 min. Results showed that an increase in the liquid and gas yields was achieved
when the temperature increased after optimum conditions. Increased yield was also obtained when
the proportion of scrap tire was increased in the feedstock. Several other important ﬁndings are discussed
in this paper, including the phases of pyrolysis oil, features of the liquid product, and characteristics of the
byproducts. All products from both scenarios were analyzed by various methods to understand their fuel
characteristics.
 2015 Elsevier Ltd. All rights reserved.1. Introduction
Lignocellulosic or wood-based biomass is a major renewable
energy source available worldwide, which can be used to produce
oil through pyrolysis. Oil from this process has potential use as fuel
or feedstock for various commodity chemicals [1]. Numerous types
of lignocellulosic biomass have been successfully pyrolyzed by
researchers to obtain liquid fuel. However, the fuel characteristics
of oil from lignocellulosic biomass remain lower than those of fossil
fuel because the liquid product contains high levels of oxygenated
compounds, which can lead to low caloriﬁc values, corrosion prob-
lems, and instability [2]. A large amount of oxygen content is pre-
sent usually around 40–50 wt% in the pyrolysis liquid [3]. For
quality improvement, the liquid needs to be upgraded by an addi-
tional upgrading process. Catalytic cracking and hydrodeoxygena-
tion are the most commonly used upgrading processes [4]. The
upgrading process involves the addition of a catalyst, solvent, and
large amount of hydrogen [5], which potentially can cost more than
the oil itself. Thus, a novel approach is necessary to overcome thisissue and make the oil from lignocellulosic biomass more compet-
itive and reliable as a renewable fuel.
Co-pyrolysis is a technique with design and operation simplic-
ity, which is suitable for the production of high-grade pyrolysis
oil. This method can be run without the presence of any catalysts
or solvents and with free hydrogen pressure. This process involves
two or more different materials as feedstock. The mechanisms of
co-pyrolysis and normal pyrolysis are almost the same. Basically,
the process is performed in a closed reactor system with moderate
operating temperatures and the absence of oxygen. Most of the
studies were performed using a ﬁxed-bed reactor for the purpose
of liquid production. According to Fei et al. [6], the extent of con-
tact between the used feedstock is an important factor to achieve
the synergistic effect; therefore, the synergistic effect is more
favorable for the pyrolysis operation carried out on a ﬁxed-bed
reactor than on a ﬂuidized-bed reactor. As a general rule, temper-
ature in co-pyrolysis can be adjusted within the range of 400–
600 C to maximize liquid yield production. Compared with nor-
mal pyrolysis, co-pyrolysis can produce extra liquid yield, typically
between 1.42 and 22 wt% [7]. Moreover, it is important to highlight
the salient features of co-pyrolysis process being regarded as a
promising, economic and environmental friendly technology for
both the energy production and waste remediation [8].
Nomenclature
BP block polypropylene
C carbon (wt%)
CH4 methane
d day
FTIR Fourier transform infrared
h hour
H hydrogen (wt%)
H2 hydrogen gas
HHV high heating value (MJ/kg)
min minute
N nitrogen (wt%)
N2 nitrogen ﬂow rate (L/min)
O oxygen (wt%)
PS polystyrene
S sulfur (wt%)
s second
TGA thermogravimetric analysis
X1 mass of the desired product (g)
X2 initial weight of the raw material (g)
YP product yield (wt%)
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study of synergistic effects or the interactive effects between the
feedstock used. All improvements in oil quality and quantity during
co-pyrolysis occurred through synergistic effects. The positive or
negative synergy depends on the type and contact of components,
pyrolysis duration, temperature and heating rate, removal or equi-
librium of volatiles formed, and addition of solvents, catalysts, and
hydrogen-donors [9]. However, the type of blending feedstock has a
signiﬁcant inﬂuence among these factors; thus, synergistic effects
on co-pyrolysis can be complicatedly varied based on the feedstock
[6]. Önal et al. [10] argued that the synergistic effect in co-pyrolysis
is a complex phenomena because of various chemical species.
According to the authors, several reaction radicals can be induced
during co-pyrolysis of high density polyethylene and biomass,
including initiation, formation of secondary radicals [depolymer-
ization, formation of monomers, favorable and unfavorable hydro-
gen transfer reactions, intermolecular hydrogen transfer (formation
of parafﬁn and dienes), and isomerization via vinyl groups], and ter-
mination by disproportionation or recombination of radicals.
Many researchers have studied co-pyrolysis for producing
pyrolysis oil, and their results are encouraging. Most of them
focused on the co-pyrolysis of lignocellulosic biomass mixed with
plastic. The addition of plastic during the pyrolysis of lignocellu-
losic biomass can improve the quantity and quality of the oil prod-
uct. Abnisa et al. [11] studied the co-pyrolysis of palm shells and
polystyrene (PS) to obtain high-grade pyrolysis oil. Their results
showed that by adding the same weight ratio of PS during the
pyrolysis of palm shell, the oil yield increased to approximately
61.63 wt%, whereas the pyrolysis of palm shell alone yielded oil
at approximately 46.13 wt%. The high heating value (HHV) of the
oil product was obtained (i.e., approximately 11.94 MJ/kg) for the
pyrolysis of palm shells alone. However, the pyrolysis of palm
shells mixed with PS raised the HHV of oil to 38.01 MJ/kg. Jeon
et al. [12] studied the co-pyrolysis of wood chips with block
polypropylene (BP). Their study was conducted in a ﬁxed-bed reac-
tor, and the temperature was set at 500 C for the pyrolysis of the
wood chip and BP mixture. The results of their experiment showed
that the liquid yield reached 39.30 and 63.10 wt% when the BP
mass was 0% and 50% of the mixture, respectively. The authors also
noted that the liquid produced from wood chips alone had an HHV
of 19.90 MJ/kg, whereas this value increased to 45 MJ/kg when BP
mass accounted for 50% of the mixture. In addition, Cornelissen
et al. [13] reported the reduction of water content in pyrolysis oil
produced via the ﬂash co-pyrolysis of biomass with polylactic acid.
Berrueco et al. [14] studied the co-pyrolysis of high density poly-
ethylene mixed with sawdust in a ﬂuidized bed reactor. The
authors found a decrease in the concentration of oxygenated and
aliphatic compounds in liquid fraction.Tires are another material with characteristics similar to
those of plastics. This material can be added during the pyroly-
sis of lignocellulosic biomass to obtain high-grade pyrolysis oil.
Pyrolysis of tires alone can produce the liquid yield of up to
63 wt%, depending upon the operating conditions applied [15].
A large majority of oils produced have energy values in the
range of 28–46 MJ/kg [16]. Oil containing very low levels of
oxygen has a high H/C atomic ratio (approximately 1.5) and
consists of aliphatic and aromatic compounds [17].
Consequently, the presence of tires during the pyrolysis of ligno-
cellulosic biomass can have a positive contribution to the heat-
ing value through synergy. However, studies that focus on the
pyrolysis of lignocellulosic biomass/waste tire blends are cur-
rently limited [7]. Therefore, some effort should be made to
obtain a clear overview of synergistic effects during the co-py-
rolysis of lignocellulosic biomass and waste tires.
Limited examples of the co-pyrolysis study of biomass and
waste tires can be found in the literature. Martínez et al. [18] stud-
ied the co-pyrolysis of pine wood chips with scrap tires in a ﬁxed
bed reactor and a continuous auger reactor, while Uçar and
Karagöz [19] performed the co-pyrolysis of pine nut shells with
scrap tires at different blend ratios. Both studies applied the same
procedure of pyrolysis process, where the samples were placed
into the reactor and the reactor was subsequently heated from
ambient temperature to 500 C. The studies were emphasized on
the product distribution and characterization of all pyrolysis prod-
ucts at reaction temperature of 500 C. However, no literature was
reported about the possibility of fuel recovery after optimum tem-
perature achieved. This issue is interesting to investigate since the
co-pyrolysis process uses two materials as feedstock which have
different characteristics of thermal properties. Hence, the use of
stepwise temperature technique in the co-pyrolysis process seems
reasonable to achieve this objective.
This study also tried to investigate the production of organic
and aqueous phases during the co-pyrolysis. A study performed
by Martínez et al. [18] found that a single liquid phase was
obtained for all the biomass/waste tire blends. The authors
assumed that radical interaction during the pyrolysis reaction
leads to a new bio-oil that avoids phase separation. In another
study, Cao et al. [20] reported that the liquid produced from co-py-
rolysis of biomass and tire contained two layers: an aqueous layer
and an oil layer, which is also observed in the present study.
However, there was no detailed discussion provided in their report.
In order to obtain a clear insight, the phenomenon on the phase
separation of liquid product is covered in this paper.
Furthermore, the byproducts produced during this process were
quantiﬁed. To evaluate the fuel quality, all the products were char-
acterized by several analytic approaches.
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2.1. Materials
Palm shells were selected as a representative source of lignocel-
lulosic biomass, and they were obtained from the palm oil mill
industry. The waste tires used in this experiment were categorized
as truck tires. As previously reported [21], palm shell waste is a
serious problem in Malaysia, and this waste is often managed with
unsatisfactory practices that negatively affect the environment.
Furthermore, incorrect handling often occurs for waste tires.
According to Thiruvangodan [22], approximately 8.2 million waste
tires or 57,391 tons are generated in Malaysia annually.
Approximately 60% of waste tires are disposed via unknown
routes. Preventive actions are required to protect the environment
from hazardous consequences brought about by the increasing vol-
ume of waste. Therefore, the use of co-pyrolysis can be an optional
solution to address this issue.
All the samples used in this experiment were treated by drying
in the sun for a day and subsequent grinding to obtain the desired
particle size of 1–2 mm. The drying process was again performed
in an oven at 105 C for 24 h to remove moisture. The samples
were then stored in a desiccator to keep them free of moisture.
The ratio of palm shells and scrap tires varied at 100:0, 75:25,
50:50, 25:75, and 0:100.2.2. Co-pyrolysis experiments
Co-pyrolysis was performed in a ﬁxed-bed reactor under a
nitrogen (N2) atmosphere at the desired temperature. The ﬁxed-Fig. 1. Flow diagram of the experimental set-up for thebed reactor was found to be effective in achieving the synergistic
effects of co-pyrolysis [6], and it was also relatively inexpensive,
simple, and reliable [23]. Approximately 800 g of each sample
was placed in a stainless steel reactor with an internal diameter
of 7.57 cm and length of 85 cm. An external vertical furnace was
used to heat the reactor. The temperature was monitored using a
K-type thermocouple inside the reactor. A series of condensers
was installed at the condensation unit to condense the vapors
released from the process. The condenser was set at a temperature
of ±0.5 C. The detailed design of the co-pyrolysis setup is shown
schematically in Fig. 1.
Initially, the reactor was heated to the desired temperature.
Subsequently, N2 was released for 2 min to remove the air from
the reactor. After N2 purging, materials were loaded onto the ver-
tical reactor by opening the feed valve at the top of the reactor. The
feed valve was then closed, and N2 was again released to accelerate
the sweeping of vapors from the hot zone (pyrolysis zone) to the
cool zone (condenser). The N2 ﬂow rate was set at 1 L/min. It
was controlled using mass ﬂow controllers (Dawyer, USA) in the
range of 0–2 L/min.
The experiments were divided into two scenarios. The ﬁrst sce-
nario aimed to observe the quantity and quality of fuels from co-
pyrolysis at the optimum temperature condition (500 C) with a
reaction time of 60 min. The second scenario aimed to obtain an
overview of the amount of remaining fuels that could be converted
after the optimum conditions were achieved. The study was ini-
tially started by performing the experiment in the ﬁrst scenario.
After the ﬁrst scenario was completed, the experiment continued
by increasing the temperature to 800 C. When the temperature
reached 800 C, the reaction was maintained for 45 min. The
results of both scenarios were then compared. To validate theco-pyrolysis of palm shells mixed with scrap tires.
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cates, and the average result was used as the ﬁnal yield. The reac-
tor, condenser, and piping system were sterilized between each set
of experiments to avoid any sample contamination.
Three products were obtained during co-pyrolysis, namely, liq-
uid, char, and gas. The liquid was collected from the condensation
unit and subsequently weighed to obtain the mass of the liquid
product. The char was collected from inside the reactor and then
weighed. To obtain the ﬁnal percentages of the products (liquid
and char), all of the yields were calculated using the following
equation:
YP ¼ X1X2  100% ð1Þ
where YP is the product yield, X1 is the mass of the desired product,
and X2 is the initial weight of the raw material. The gas yield was
determined by subtraction: gas yield = 100  (liquid yield + char
yield).Fig. 2. TGA thermographs of palm shell and scrap tire.2.3. Characterization
All feedstock used in this study were analyzed using proximate
and ultimate analyses. The results from proximate analysis
included the moisture, ﬁxed carbon, volatile matter, and ash con-
tents. Proximate analysis was performed according to the ASTM
standards described in the literature. Ultimate analysis followed
ASTM D-5291 using a Model 2400 Perkin Elmer Series CHNS/O
Analyzer. The amounts of carbon, hydrogen, nitrogen, and sulfur
were determined using this method. The oxygen content was
determined by subtraction: O = 100  (C + H + N + S). Weight loss
analysis of the sample was performed with a thermogravimetric
analyzer (TGA 4000, Perkin Elmer) under a nitrogen ﬂow rate of
25 mL/min and heating rate of 40 C/min.
In this study, the liquid yield was considered the main product,
whereas char and gas were considered byproducts. The liquid col-
lected from the condensation unit was kept in a separating funnel
for 2 d. Each layer that formed during the separation process was
investigated. Several analyses, including the analysis of density,
water content, pH, functional group composition by Fourier trans-
form infrared (FTIR) spectroscopy, elemental analysis (C, H, N, S,
and O), and HHV, were conducted to determine the quality of the
liquid product. The analyses of the byproducts (char and gas)
focused on the fuel characteristics. The analyses of the char pro-
duct included elemental analysis and HHV. The analysis of the
gas product focused on the production of H2 and CH4 gases.
A 25 mL pycnometer was used to determine the density of the
pyrolysis oil. The pH was measured using a Mettler Toledo Delta
320 pH meter at 25 C. The Karl Fischer titration method was used
to measure the water content. This measurement was performed
with a Karl Fischer 737 KF Coulometer from Metrohm.
HYDRANAL Coulomat AG (80 mL) and HYDRANAL Coulomat CG
(5 mL) were used as the anolyte and catholyte reagents, respec-
tively. FTIR analysis was conducted with a Perkin–Elmer
Spectrum 400 spectrometer. The samples were scanned in the
range of 400–4000 cm1 with a resolution of 4 cm1. Elemental
analysis was performed with a Model 2400 Perkin–Elmer Series
II CHNS/O Analyzer to determine the C, H, N, and S contents. The
oxygen content was determined by subtraction. A CHNS combus-
tion tube and reduction tube were used for this determination.
The elemental analysis results were also used to calculate the
HHV. In this study, two equations were used to calculate the
HHV of the liquid product. These equations were based on the
obtained oxygen content. Eq. (2) was used when the liquid product
had an oxygen content lower than 15%, whereas Eq. (3) was used if
the oxygen content in the sample was greater than 15% [24]. TheHHV of the char product was determined using the modiﬁed
Dulong’s formula, as shown in Eq. (4) [25].
HHV ðMJ=kgÞ ¼ 338:2Cþ 1442:8 H
O
8
 
1000
ð2Þ
HHV ðMJ=kgÞ ¼ 0:336Cþ 1:418H ð0:153 0:000720OÞO
þ 0:0941S ð3Þ
HHV ðMJ=kgÞ ¼ 33:5C
100
þ 142:3H
100
þ 15:4O
100
ð4Þ
An online gas analyzer was installed after the condensation pro-
cess to measure the released hydrocarbon gases. Hydrogen and
methane were measured by a calibrated online gas analyzer,
namely, Rosemount Analytical X-STREAM™ (UK) apparatus.
3. Results and discussion
3.1. Characteristics of the raw materials
The pyrolysis temperature plays an important role in liquid
yield production. Generally, moderate operating temperatures are
required to produce the liquid yield. However, this parameter is
dependent on the feedstock characteristics. In this study, TGA anal-
ysis was used to obtain an overview of the thermal behavior of the
materials. The use of TGA analysis also helped deﬁne the optimum
temperature to produce the maximum liquid yield.
The TGA results of the palm shells and scrap tires are shown in
Fig. 2. The ﬁgure shows that the increased temperature led to the
decreased weight of both materials. Decomposition initially
occurred for palm shells, and the scrap tires started to decompose
after the temperature reached approximately 180 C. The decom-
position of palm shells can be explained by lignocellulosic decom-
position, which has been widely discussed in our previous studies
[26,27]. Unlike palm shells, scrap tires need higher temperatures
before they start to decompose, and the total weight loss of scrap
tires was lower than that of palm shells. The major decomposition
of scrap tire continuously occurred until the temperature reached
approximately 500 C. However, no further signiﬁcant weight loss
was observed after this temperature. Murillo et al. [28] explained
that the initial decomposition (approximately 150 C) is associated
with the decomposition of the tire rubber additives (extender oils,
plasticizers, and other additives). Further decomposition is attribu-
ted to the decomposition of natural rubber, as well as the decom-
position of a mixture of styrene butadiene rubber and butadiene
rubber. In addition, signiﬁcant weight loss for both materials was
Table 1
Proximate and ultimate analyses of palm shell and scrap tire.
Characteristics Palm shell Scrap tire
Proximate analysis (wt%)
Moisture 4.7 1.15
Fixed carbon 13.2 28.46
Volatile 73.5 66.10
Ash 8.6 3.65
Ultimate analysis (wt%)
C 49.74 83.82
H 5.32 7.65
N 0.08 0.92
O (by difference) 44.86 6.03
S 0.16 1.58
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mately 63% of weight loss was identiﬁed for palm shells, whereas
the amount of weight loss for scrap tires was approximately 52%.
The high percentage of weight loss observed from TGA analysis
indicated that a high conversion rate of biomass occurred. Thus,
500 C was found to be a suitable temperature for maximizing bio-
mass conversion into other products.
The results of proximate and ultimate analyses are summarized
in Table 1. From proximate analysis, the palm shells and scrap tires
were found to have high values of volatile matter. During the
pyrolysis of biomass, this content is expected to be high because
it has a positive contribution toward increasing liquid yield pro-
duction. According to Omar et al. [29], a high volatile content pro-
vides high volatility and reactivity, which favor liquid yield
production. Compared with volatile matter, the presence of ash
in the materials will lead to liquid yield reduction. This phe-
nomenon has previously been recognized by several researchers.
Fahmi et al. [30] also described that the presence of ash leads to
a decrease in the liquid yield, and tend to increase char and gas
yields. Venderbosch and Prins noted that the high ash content in
the biomass can drastically drop the oil yield, sometimes below
50 wt% [31]. In the present study, the measured ash content was
approximately 8.6 and 3.65 wt% for palm shells and scrap tires,
respectively. Furthermore, the ultimate analysis results showed
that scrap tires were better materials for producing fuels because
of their high carbon and hydrogen contents and low oxygen con-
tent. Therefore, the addition of scrap tires in the pyrolysis of palm
shells is expected to improve the caloriﬁc value of the liquid
product.
3.2. Product yields
Three products were obtained from the co-pyrolysis of palm
shells and scrap tires: liquid, char, and gas. The details of the yield
products derived from the ﬁrst and second scenarios are presented
in Table 2. Given that the process parameters in this study were
adjusted to maximize liquid production, the obtained liquid yield
was higher compared with the yields of other products. The lowest
yield was observed for the gas product. The results from the ﬁrst
scenario showed that the addition of scrap tires in the pyrolysis
of palm shells signiﬁcantly contributed to the increased liquid yield.
The pyrolysis of palm shells alone produced approximately
43.82 wt% of the liquid yield. Subsequently, the yield increased by
45.16, 46.22, and 48.06 wt% when the scrap tire mass was 25%,
50%, and 75% of the reaction, respectively. The same trend was
reported by Cao et al. [20], who studied the co-pyrolysis of sawdust
and waste tires. The addition of scrap tires could provide more
hydrocarbons during co-pyrolysis. Thus, this approach can increase
the liquid yield production. Moreover, the increased proportion of
scrap tires in the feedstock affected the enhancement of the char
product. The pyrolysis of palm shells yielded approximately34.20 wt% of char. The yield increased to 36.16 wt% with the max-
imum amount of scrap tires in the feedstock (75%). According to
Martínez et al. [18], the increase in char product during the co-py-
rolysis of biomass and scrap tire can be attributed to the lower pro-
portion of volatile matter and higher percentage of ﬁxed carbon (by
the carbon black added during tire manufacturing) in the waste
tires compared with those in lignocellulosic biomass.
The results of the second scenario showed that the liquid yield
increased for the pyrolysis of palm shells alone and co-pyrolysis of
palm shells mixed with a low ratio of scrap tires. This result indi-
cated that the enhanced effect of temperatures beyond 500 C
was signiﬁcantly inﬂuenced by the lignocellulosic biomass. The
increased liquid yield in this scenario was mainly contributed by
the decomposition of lignin. Lignin has thermal characteristics dif-
ferent from hemicellulose and cellulose. The decomposition of
hemicellulose and cellulose is completed at 400 C, whereas the
complete decomposition of lignin requires a higher temperature.
According to Yang et al. [32], the decomposition of lignin slowly
occurs during the pyrolysis of biomass; it starts at an ambient tem-
perature and continues up to 900 C. The effect of lignin on pyrol-
ysis oil yield was previously studied by Fahmi et al. [30], and their
results showed that the total liquid yield increases with increasing
amount of lignin. The liquid product from the pyrolysis of lignin
typically consists of 20% aqueous components and 15% organic
components [33].
Furthermore, the effect of temperature enhancement in the sec-
ond scenario plays an important role in reducing the yield of the
char product. Table 2 shows that the decrease in char was followed
by an increase in gas yield. This condition was observed with a
higher ratio of biomass in the feedstock. These results showed that
the yield of char obtained at 500 C was again cracked, which led to
higher gas yields when the temperature was increased to 800 C.
Bridgwater et al. [34] noted that chars produced by rapid pyrolysis
have a lower apparent density and are more reactive than those
produced by slow pyrolysis. A fraction of this char can be further
volatilized by pyrolysis at high temperatures.3.3. Characterization of the liquid product
The results showed that the liquid consisted of organic and
aqueous phases. This ﬁnding differed from those of Martinez
et al. [18], who reported the absence of phase separation in the liq-
uid product produced from the co-pyrolysis of biomass and scrap
tires. Their experiment was performed in a ﬁxed-bed reactor with
different feedstock mixtures based on mass: 100% biomass (100/
0); 90% biomass and 10% waste tires (90/10); 80% biomass and
20% waste tires (80/20); and 100% waste tires (0/100). The ﬁndings
of the present study conﬁrmed that phase separation occurred in
the liquid produced from the co-pyrolysis of biomass and scrap
tires. Phase separation seems impossible to observe when the ratio
of scrap tire is low in feedstock (625%) or when only biomass is
used as feedstock. However, the use of spotlights (LED ﬂood light,
30 W) can help deﬁne phase separation. Images of the liquid yields,
which are lighted by spotlights, are shown in Fig. 3. From this ﬁg-
ure, the liquids produced by the pyrolysis of palm shells alone and
pyrolysis of scrap tires alone have two phases: organic and aque-
ous. By contrast, the liquids produced from the palm shell/waste
tire blends have three phases: a bottom organic phase, aqueous
phase, and top organic phase. A similar phase separation trend in
the liquid product was reported by another study [35]. As shown
in Fig. 3, no top organic phase was present in the liquid produced
from the pyrolysis of palm shells alone. Moreover, no bottom
organic phase was detected in the liquid obtained from scrap tires
alone. This ﬁnding denoted that the bottom organic phase was con-
tributed by the lignocellulosic biomass, the top organic phase was
Table 2
Product yields of co-pyrolysis at different ratios and scenarios.
Scrap tire in feedstock (%) Product yields (wt%)
Liquid Char Gasa
Scenario I Scenario II Scenario I Scenario II Scenario I Scenario II
0 43.82 47.36 34.20 29.10 21.98 23.54
25 45.16 47.90 34.72 31.46 20.12 20.64
50 46.22 47.86 36.36 34.14 17.42 18.00
75 48.06 48.22 36.16 35.42 15.78 16.36
100 48.12 48.34 37.11 36.11 14.77 15.55
a Calculated by difference.
Fig. 3. Comparison of liquid yields with different feedstock ratios of palm shells and scrap tires.
Table 3
Distribution of liquid yields based on the type of phase.
Scrap tire in feedstock (%) Yield of liquid type (wt%)
Bottom organic Aqueous phase Top organic
Scenario I Scenario II Scenario I Scenario II Scenario I Scenario II
0 29.08 28.48 70.92 71.52 NP NP
25 19.73 17.76 57.59 58.19 22.68 24.05
50 9.09 6.58 35.87 36.14 56.04 57.28
75 6.33 5.15 13.51 13.55 80.16 81.30
100 NP NP 2.58 2.25 97.42 97.75
NP: no product found.
Fig. 4. Distribution of the total organic phase versus the aqueous phase.
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by both materials.
After the liquid products were stored in a separatory funnel for
2 d, the liquids were separated based on the layer that was formed.
The quantities of each layer are presented in Table 3. Some inter-
esting observations were noted among the scenarios. The yield of
the bottom organic phase for both scenarios decreased when the
palm shell ratio in the feedstock decreased. Furthermore, the yield
of the bottom organic phase from scenario II was lower than that
from the ﬁrst scenario. By contrast, the increased temperature
caused an increase in the aqueous phase. This phenomenon was
clearly observed for the second scenario, although no signiﬁcant
enhancement in the aqueous phase yield was obtained.
Moreover, the top organic phase for the second scenario increased
in terms of the yield compared with that for the ﬁrst scenario. In
scenario II (Table 2), the increase in the liquid yield was caused
by the top organic and aqueous phases.
A high proportion of the organic phase in pyrolysis oil is gener-
ally preferred over the aqueous phase. The aqueous phase has a
high water content, which can extremely reduce the energy con-
tent of pyrolysis oil. In the present study, the highest proportion
of the aqueous phase was observed for the pyrolysis of palm shells
alone at approximately 70.92 and 71.52 wt% for scenarios I and II,respectively. The aqueous phase was signiﬁcantly reduced when
the scrap tire was added to the feedstock, thereby increasing the
total accumulation of the organic phase. As shown in Fig. 4, the
total organic phase linearly increased with the decrease in the
Table 4
Results of water content analysis.
Scrap tire in feedstock (%) Water content (%)
Bottom organic Aqueous phase Top organic
Scenario I Scenario II Scenario I Scenario II Scenario I Scenario II
0 13.96 14.16 69.48 69.64 NP NP
25 10.72 10.33 72.61 72.90 0.94 0.92
50 10.85 10.08 73.82 73.00 0.53 0.54
75 9.57 9.63 75.15 75.32 0.28 0.25
100 NP NP 82.66 82.36 0.13 0.12
NP: no product found.
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pyrolysis of lignocellulosic biomass and scrap tires was found to be
an effective technique for increasing the organic phase of pyrolysis
oil.
Table 4 shows that the addition of scrap tires during the pyrol-
ysis of palm shells decreased the water content in the bottom
organic phase. This tendency was clearly observed for both scenar-
ios. The highest water content for the bottom organic phase was
approximately 14%, which was obtained from the liquid produced
from the pyrolysis of palm shells alone. The water content
decreased to 9.5% when the ratio of scrap tires reached 75% in
the feedstock. Furthermore, the water content in the top organic
phase was very low (<1%). Compared with the organic phase, the
water content in the aqueous phase gradually increased as the
scrap tire mass increased. The highest water content in the aque-
ous phase was observed for the liquid obtained from the pyrolysis
of scrap tires alone (approximately 82%).
Table 5 presents the results of pH analysis of pyrolysis oils,
which were grouped into the bottom organic, aqueous, and top
organic phases. The results showed that all of the liquid types were
considered acidic. Pyrolysis oil is highly unstable and corrosive
when its acidity is high. However, the pH increases during co-py-
rolysis, which exerts a positive effect by reducing the acidity of
the liquid product. Table 5 shows that the phases of all the liquid
types exhibited an increase in pH when scrap tires were mixed
during the pyrolysis of palm shells. The liquid produced from the
pyrolysis of lignocellulosic biomass had a pH ranging from 2.0 to
3.0 [33]. This condition resulted from the high concentration of
acidic compounds in the liquid, which mainly contributed to the
degradation of hemicellulose and lignin during pyrolysis.
Therefore, the reduction in lignocellulosic biomass and addition
of scrap tires as feedstock in pyrolysis enhanced the pH.
Furthermore, the pH slightly increased for scenario II. The pH of
liquid products increased with increasing temperature. This ﬁnd-
ing occurred for all conditions of samples used in this study. A sim-
ilar trend was reported by He et al. [36] and Thangalazhy-
Gopakumar et al. [1].
The complete results of elemental analysis for scenario I are
shown in Table 6. The amount of oxygen, which was categorized
as an undesirable component in liquid, decreased for both organic
phases when scrap tire in the feed blend increased. However, the
oxygen content in the aqueous phase was different from that in
the organic phase. This ﬁnding indicated that a synergistic effect
occurred during co-pyrolysis. The highest oxygen content was
detected for the aqueous phase (>70 wt%), whereas the oxygen
contents in the bottom organic and top organic phases were <30
and 3.23 wt%, respectively. This study also found that the decrease
in oxygen in the organic phases was followed by an increase in the
carbon and hydrogen contents. All the trends that occurred in sce-
nario I were also found in scenario II (Table 7).
The addition of tire in the pyrolysis of biomass could increase
the sulfur content in liquid. This effect may be due to the thermaldegradation of the accelerators used in tires during vulcanization;
these accelerators include sulfur- and/or nitrogen-based organic
compounds, such as 2-mercaptobenzothiazole and benzothiazole
disulﬁde [37]. The increase in sulfur in the liquid product was also
observed in scenario II (see Table 7). The sulfur and nitrogen con-
tents in Table 7 were higher than those in Table 6. The increase in
sulfur was detected for the top organic phase, whereas the increase
in nitrogen content was clearly observed for the bottom organic
phase. These ﬁndings clariﬁed that the increase in temperature
played an important role in increasing the sulfur and nitrogen con-
tents in liquid. The increase in the sulfur content was mainly
caused by scrap tire. The increase in temperature during tire pyrol-
ysis increased the sulfur content in liquid, as reported by other
researchers. The research performed by Dı´ez et al. reported that
the sulfur content in the produced liquid was 1.3 wt% at 350 C
and it was subsequently increased to 1.4 wt% and 1.6 wt% as the
temperature reached at 450 C and 550 C, respectively [38]. de
Marco Rodriguez et al. studied the pyrolysis of scrap tires at tem-
peratures between 300 C and 700 C with an interval of 100 C.
The authors reported that the increase in sulfur content was
observed with the increase of temperature from 300 C to 500 C
[39]. Furthermore, the increase in the nitrogen content in the bot-
tom organic phase (Table 7) was mainly caused by lignocellulosic
biomass. Odetoye et al. reported this trend in the study of pyrolysis
of Parinari polyandra Benth fruit shell for bio-oil production [40].
In terms of liquid fuel, the presence of sulfur and nitrogen is
undesirable because they can contribute to the formation of SO2
and NOx during combustion [41]. SO2 and NOx are known as harm-
ful pollutants that can negatively affect the environment, and
speciﬁcally contribute to global warming. Therefore, liquid fuel
should be free from sulfur and nitrogen or at least contain accept-
able amounts in accordance with the ASTM standards. Raj et al.
[42] suggested the removal of sulfur from the pyrolysis oil of waste
tires. The authors explained that the pyrolysis oil with free mois-
ture can be mixed with 6 wt% H2SO4, allowed to settle for 24 h,
and further processed with Fuller’s earth to remove impurities
and sulfur. Desulfurized oil is then fractionally distilled in vacuum
to remove the sludge.
HHV is one of the important parameters in determining the
energy content of a fuel. The HHV results of pyrolysis oils obtained
from scenarios I and II are illustrated in Fig. 5. The HHV of each
phase differed. The top organic phase had the highest HHV, and
the bottom organic and aqueous phases were categorized into
the medium and low levels, respectively. As shown in Fig. 5, the
addition of scrap tire in biomass pyrolysis obviously contributed
to the increase in HHV of the organic phases. However, based on
the results from scenario II, no signiﬁcant increment was found
when the temperature increased. Furthermore, the HHV of the
top organic phase was in the range of 43–46 and 44–47 MJ/kg for
scenarios I and II, respectively. These results showed that the
HHV of the top organic phase could be categorized similar to com-
mercial diesel fuel. The HHV of the bottom organic phase from
Table 5
Results of pH analysis.
Scrap tire in feedstock (%) pH
Bottom organic Aqueous phase Top organic
Scenario I Scenario II Scenario I Scenario II Scenario I Scenario II
0 2.88 2.89 2.71 2.75 NP NP
25 2.94 3.06 3.82 3.83 2.81 3.09
50 3.08 3.21 3.12 3.29 3.33 3.51
75 3.45 3.72 3.31 3.58 3.71 3.75
100 NP NP 5.88 5.96 5.05 5.96
NP: no product found.
Table 6
Results of elemental analysis from scenario I.
Liquid types Scrap tire in
feedstock (%)
Elemental analysis (wt%)
C H N S O
Top organic
phase
0 NP NP NP NP NP
25 83.63 11.07 0.38 1.69 3.23
50 85.23 11.17 0.43 1.69 1.48
75 85.56 11.64 0.52 1.85 0.43
100 85.74 11.79 0.54 1.88 0.05
Aqueous phase 0 17.90 10.62 0.33 0.86 70.27
25 15.17 9.45 0.27 0.89 74.22
50 16.23 9.56 0.51 0.94 72.76
75 12.52 9.11 0.91 1.14 76.32
100 7.47 10.73 3.57 1.42 76.81
Bottom organic
phase
0 60.76 8.42 0.66 0.91 29.25
25 63.05 8.55 1.00 1.02 26.38
50 64.95 8.70 1.57 1.68 23.10
75 64.58 8.78 2.49 1.88 22.27
100 NP NP NP NP NP
NP: no product found.
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higher compared with typical HHV of biomass pyrolysis oil (16–
19 MJ/kg) [43]. In addition, the HHV of the aqueous phases was
found to be very low at a range of 9–14 MJ/kg.
The FTIR spectra of the top organic, aqueous, and bottom
organic phases are shown in Figs. 6a, 6b, and 6c, respectively.
Many researchers recognize that OAH, CAH, CAO, and C@O are
the most abundant chemical bonds detected in liquids produced
from the pyrolysis of biomass. The functional group of OAH was
generally found at peaks between 3200 and 3400 cm1, which
indicated the presence of phenols and alcohols. Such peaks wereTable 7
Results of elemental analysis from scenario II.
Liquid types Scrap tire in
feedstock (%)
Elemental analysis (wt%)
C H N S O
Top organic
phase
0 NP NP NP NP NP
25 83.44 11.41 0.40 1.84 2.91
50 84.48 11.23 0.49 1.78 2.02
75 86.13 11.38 0.53 1.90 0.06
100 87.83 11.99 0.76 1.92 0.00
Aqueous phase 0 15.90 10.89 0.38 0.70 72.13
25 13.26 11.07 0.50 0.78 74.39
50 14.75 8.58 0.61 0.70 75.36
75 11.73 11.92 1.02 1.00 74.33
100 10.95 9.43 1.25 1.31 77.06
Bottom organic
phase
0 62.33 7.55 1.08 0.75 28.29
25 64.22 7.15 1.12 0.96 26.55
50 68.57 7.98 2.03 1.37 20.05
75 65.59 7.88 3.00 1.57 21.96
100 NP NP NP NP NP
NP: no product found.clearly observed for the aqueous phase (see Fig. 6b). Fig. 6b shows
that the intensity of peak areas between 3200 and 3400 cm1
increased signiﬁcantly when the scrap tire ratio increased in the
feedstock, thereby indicating an increase in concentration of the
OAH group. This result was in agreement with the results from
water content analysis and elemental analysis, in which the water
and oxygen contents were also found to increase as tire mass
increased in the pyrolysis of palm shell. Furthermore, the OAH
stretching vibrations between 3200 and 3400 cm1 were observed
for the bottom organic phase (see Fig. 6c). However, the intensity
of this peak differed from that in the aqueous phase, where the
intensity decreased with increasing scrap tire ratio in the blend.
Martínez et al. [18] stated that phenolic compounds originate from
the decomposition of lignin in the biomass wood, whereas the
presence of phenols and carbonyls in tire-based oil may be
explained by the pyrolysis of oxygenated compounds, such as stea-
ric acid and extender oil, of the tire [44].
The CAH stretching vibrations between 2800 and 3000 cm1, as
well as CAH deformation vibrations between 1350 and 1450 cm1,
showed the presence of alkane groups. The peaks between 2800
and 3000 cm1 were only observed for the top and bottom organic
phases. The effect of scrap tire addition increased the intensity of
peak areas between 2800 and 3000 cm1 (Fig. 6c). Moreover, the
deformation vibrations between 1350 and 1450 cm1 were
observed for all liquid types. A strong intensity of peak areas
between 1350 and 1450 cm1 was observed for the top and bottom
organic phases, whereas medium intensity was observed for the
aqueous phase. This result showed that some hydrocarbon com-
pounds still remained in the aqueous phase, and they could be
recovered by catalytic conversion. Abnisa et al. [45] showed that
the use of zeolite catalyst (HZSM-5/50) at 555 C is effective in
recovering liquid fuel from the aqueous phase with an oil yield
of about 4 wt%; the obtained oil was dominated by aromatics
and phenols, with an HHV of 38.44 MJ/kg.
Moreover, the presence of oxygen was also observed for all liq-
uid types in the range of 1650–1850 and 1000–1300 cm1. The
peaks between 1650 and 1850 cm1, which were related to C@O
stretching, indicated the presence of ketones, carboxylic acids,
and aldehydes. The CAO stretching vibration in the range of
1000–1300 cm1 was attributed to alcohols and esters. However,
both peaks disappeared from the top organic phase when scrap
tires were involved in the pyrolysis of palm shell. By contrast, these
peaks were still detected for the bottom organic phase, although
the scrap tire mass occupied 75% of the mixture. The results from
elemental analysis (Tables 6 and 7) conﬁrmed that the oxygen con-
tent was high for the bottom organic phase.3.4. Characterization of byproducts
3.4.1. Char product
In this study, the characteristics of char were investigated using
elemental analysis and HHV to determine its fuel quality. The
05
10
15
20
25
30
35
40
45
50
1.00 2.00
HH
V 
(M
J/
kg
)
0% 25% 50% 75% 100%
Top Organic Phase
Scenario
I
Scenario
II
4.00 5.00
Boom Organic Phase
Scenario
I
Scenario
II
7.00 8.00
Aqueous phase
Scenario
I
Scenario
II
Scrap tire in feedstock (%):
Fig. 5. HHV of pyrolysis oils.
Fig. 6a. FTIR spectra of the top organic phase.
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Carbon, the main element in all of the produced chars, was present
in signiﬁcantly great amounts (>75 wt%). In scenario I, the addition
of scrap tires did not signiﬁcantly increase the carbon content.
Hydrogen, an important content in fuel, decreased when the pro-
portion of palm shell decreased in the feedstock. Both these trends
showed that palm shell was the main contributor in producingFig. 6b. FTIR spectra of the aqueous phase.carbon and hydrogen during the co-pyrolysis of biomass and scrap
tires. Similar to liquid product (Tables 6 and 7), the sulfur content
also increased when scrap tires in the feedstock increased. The
results from scenario I also showed that oxygen and nitrogen both
decreased after the addition of a certain proportion of scrap tires.
The results from scenario II showed that the increase in temper-
ature after optimum conditions eliminated all elements from the
char. However, the analyses in this scenario demonstrated that
the carbon contents increased in the char products. The increase
in carbon content was observed in the experiment with palm
shell:scrap tire ratios of 100:0 and 75:25. This condition may be
explained by the formation of carbon during the pyrolysis of ligno-
cellulosic biomass. Imam and Capareda noted that losses in hydro-
gen and oxygen are due to the breaking of weaker bonds within the
char structure, and char becomes highly carbonaceous at high
pyrolysis temperatures [46]. Devolatilization reactions are favored
with increasing temperature; such reactions degrade all elements
from char and increase gaseous product yields [47]. The yields of
gas products listed in Table 2 supported this ﬁnding.
Fig. 7 shows the HHV of chars obtained from different scenarios.
The HHV of chars from scenario I was obtained in the range of 24–
27 MJ/kg, whereas char produced from scenario II was in the range
of 23–26 MJ/kg. The highest HHV in scenario I resulted from the
pyrolysis of palm shell alone. However, the HHV of char gradually
decreased when the percentage of scrap tires in the feedstock
increased. This result showed that the addition of scrap tires in
the pyrolysis of biomass resulted in the drop in the HHV of charFig. 6c. FTIR spectra of the bottom organic phase.
Table 8
Results of elemental analysis of char product.
Scenario Scrap tire in feedstock (%) Elemental analysis (wt%)
C H N S O
I 0 78.00 3.09 0.81 0.15 17.95
25 78.05 2.04 0.71 1.38 17.82
50 78.09 1.52 0.60 2.13 17.66
75 78.13 1.06 0.58 3.40 16.83
100 78.31 0.58 0.51 3.61 16.99
II 0 79.92 1.43 0.72 0.02 17.91
25 79.66 1.32 0.71 0.33 17.98
50 78.08 0.80 0.98 2.05 18.09
75 77.24 0.60 0.40 3.11 18.65
100 76.39 0.52 0.30 3.46 19.33
Fig. 8. Percentage of methane and hydrogen as a function of time, and the different
ratios of scrap tire in the feedstock at 500 C.
Fig. 9. Percentage of methane and hydrogen as a function of time, and the different
ratios of scrap tire in the feedstock at 800 C.
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decrease in the HHV of char. This condition was clearly observed
in scenario II. The drop in HHV could be explained by the degrada-
tion of hydrogen and carbon from the char product. Although the
HHV of char decreased during co-pyrolysis, the char samples
exhibited HHVs comparable with those of some coals and are
acceptable for use as alternative solid fuels. The HHV of some
Indian coals are obtained in the range of 12.75–28.37 MJ/kg [48],
while the HHV of Turkish coals are reported in the range of 9.37–
20.34 MJ/kg [49].
3.4.2. Gas product
The gas composition arising from pyrolysis is dependent on the
composition of the feedstock used. The main gases from the pyrol-
ysis of wood biomass generally comprise CO, CO2, H2, CH4, C2H4,
and C3H6, as well as minor amounts of other hydrocarbons; the
main gas components detected from the pyrolysis of tire are CO,
CO2, H2S, H2, CH4, C2H4, C2H6, C3H6, C3H8, C4H6, C4H8, and C4H10
[7]. Among them, methane and hydrogen are considered important
gaseous fuels because they are mainly responsible for the HHVs of
gases. In scenario I, the generation of methane was clearly
observed for all conditions of samples, whereas no hydrogen was
detected in the obtained gases (see Fig. 8). The percentage of
methane in this scenario increased when the proportion of scrap
tires increased in the feedstock. The highest level of methane
(27.5%) was observed for the pyrolysis of scrap tire alone. This con-
dition demonstrated that the contribution of methane mostly con-
tributed to the presence of tire in the feedstock.
As shown in Fig. 8, the maximum methane production was
obtained at a reaction time of 10–18 min. The addition of scrap
tires decreased the reaction time by maximizing methane produc-
tion. The results from the pyrolysis of palm shell alone showed that
the maximum percentage of methane was achieved at a reaction21.00
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23.00
24.00
25.00
26.00
27.00
28.00
29.00
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V 
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Fig. 7. HHV of char product.time of approximately 18 min, whereas the maximum methane
production was recorded at 16 min with 50% of scrap tire in the
feedstock. However, methane production gradually decreased with
increasing reaction time (of up to 60 min). The pyrolysis experi-
ments showed that a methane percentage of around 3% was
obtained at 60 min.
Fig. 9 shows the result of gas composition obtained from sce-
nario II at 800 C. To increase the temperature from 500 C to
800 C in this scenario, an average time of 14 min was needed;
therefore, the data presented in Fig. 9 were collected from the reac-
tion time of 74 min. Data were collected continuously until a reac-
tion time of 45 min was reached (119 min). A discussion on gas
composition released at 500 C in scenario II was not provided
because all ﬁndings in this scenario were similar to all ﬁndings
in scenario I. Similar to scenario I (see Fig. 8), around 3% of
methane was observed in scenario II at 500 C and 60 min.
However, the increase in temperature in scenario II increased the
percentage of methane again. Methane increased when the tem-
perature reached 800 C. This ﬁnding was observed clearly for
the pyrolysis of the mixture of palm shell and scrap tire.
However, no increase in methane was found for the pyrolysis of
pure scrap tire in this scenario. The highest amount of methane
at 800 C was approximately 10.96%, which was obtained from
the co-pyrolysis of 75% palm shell and 25% scrap tire.
Fig. 10. Percentage of methane and hydrogen as a function of time at 800 C for the
pyrolysis of palm shell alone.
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obviously contributed to hydrogen production. The highest per-
centage of hydrogen (20%) was detected for the co-pyrolysis of
75% palm shell and 25% scrap tire. The increase in scrap tire pro-
portion decreased the percentage of hydrogen in the gas yield.
No hydrogen was found in the pyrolysis of scrap tire alone. The
absence of hydrogen production from the pyrolysis of scrap tire
was also reported by Kaminsky et al. [50]. The authors noted that
the gas fraction from the pyrolysis of tire mainly contains methane,
ethane, ethene, and propene. Most of the hydrogen compositions
from their experiment were found to be lower than 1%. Their study
was performed at various temperatures within the range of 598–
780 C using tire rubber from trucks as a feedstock.
The hydrogen obtained in the current study was mainly caused
by palm shell, thereby indicating that the presence of biomass in
co-pyrolysis played an important role in yielding hydrogen.
However, hydrogen from the pyrolysis of palm shell alone was only
11.61% upon completion of the reaction time. To clarify this issue,
an additional experiment was performed in which the reaction
time was extended to 90 min. The results from additional analysis
showed that hydrogen gas needed more time to initiate produc-
tion. Fig. 10 shows that hydrogen was produced at around
112 min, and the maximum hydrogen production (22.78%) was
obtained at 134 min. The same trend was also observed for
methane production. This ﬁnding showed that the presence of
scrap tire in the pyrolysis of biomass was signiﬁcantly helpful in
reducing the reaction time to maximize the production of methane
and hydrogen.4. Conclusions
The addition of scrap tire in the pyrolysis of biomass success-
fully improved the quantity and quality of the liquid. The increase
in temperature after optimum conditions of co-pyrolysis slightly
increased the liquid and gas, and decreased char. All liquid prod-
ucts from this experiment conﬁrmed the presence of the aqueous
phase, and the liquid was divided into several layers. Although
the aqueous phase was detected in the liquid, this phase sharply
decreased when the proportion of scrap tires increased in the feed-
stock. Moreover, the increase in tire in the feedstock also decreased
the oxygen content, pH, and water content in the organic phases.
The decrease in these contents was more evident with scenario
II. Elemental analysis demonstrated that the contents of carbon
and hydrogen in the organic phase signiﬁcantly improved with
increasing scrap tire in the feedstock. Notably, the sulfur contentalso increased when scrap tires were involved. In addition, the
HHV of the organic phase from both scenarios showed a tendency
to increase. The FTIR results proved that the addition of scrap tires
in the pyrolysis of palm shell was effective in reducing the domina-
tion of the OAH group. Unlike the liquid product, the addition of
scrap tires was not favorable for increasing the fuel characteristics
of char. No improvement in the carbon and hydrogen contents in
char was observed during the co-pyrolysis of palm shell and scrap
tire. However, the char samples exhibited HHVs comparable with
those of some coals, so they could still be considered for use as
alternative solid fuels. For gas products, the results also showed
that the addition of scrap tires contributed to methane production,
whereas wood biomass was favored to produce hydrogen. The
addition of scrap tires in the pyrolysis of wood biomass was signif-
icantly helpful in reducing the reaction time to maximize the pro-
duction of methane and hydrogen.
Based on the results, this study recommends that co-pyrolysis is
a potential technique to develop for the generation of fuels from
biomass waste. Stepwise co-pyrolysis could be considered as an
alternative for optimizing the production of fuels from biomass
waste. The mixture of palm shell and scrap tire was found to be
suitable and effective in promoting synergistic effects during
pyrolysis. Notably, palm shell was selected as a model from ligno-
cellulosic biomass, so it could be replaced with other lignocellu-
losic biomass. Scrap tire was added to improve the quantity and
quality of liquid produced from the pyrolysis of lignocellulosic bio-
mass. Therefore, scrap tire could be regarded an additive material,
and its proportion was designed to be less than that of the main
feedstock (lignocellulosic biomass). The co-pyrolysis of 50% bio-
mass and 50% scrap tire is recommended because of the following
considerations: (a) the amount of 50% of scrap tire in the feedstock
signiﬁcantly improved liquid and byproducts; and (b) the genera-
tion of waste tire was generally found to be lower than that of lig-
nocellulosic biomass. Therefore, the limited source of additive
material is expected to be sufﬁcient for the amount of lignocellu-
losic biomass available. Some tire wastes are necessary for recy-
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